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Dcpa~^~c~' ff Iir'tr-i c- ’ ; f rfc I of Cf cr^n, Illinois 

Fir^t of 'll!, 1 ‘-lunild li’ o to « ',i-i -p it ipjm n it ion for Uic nuit'ilion 

to gnc llii« li riurc I •lum] 1 h .o i i.n -it n i it i gn it honor to gi\e ‘in one 

of thn 1101 , 1 % o-gini'i'ci , hut 1 i< ' 1 ,1 'tionlirl, h niort d in lio n? ‘-circled to 
gi\c tlio Iccturo n 1,1 I 1 lit' - I (',i' Ih'* x i Ih uio in. rixpcrl for Dr 

licktocn 'I -ritnt ■-t v Inrli I h >'< ith il <, \ou. 1 mnnt "lauiig the great 

bcntfitc of n oving to ( hir t!i' f i t!i ti, in j m n i.ie ‘■o nc t\ ent\ %c ire of 
bis fncnddnp am gr'f'ir.u o! 

Toda\, I xivnild hi < to pri it on o' ’>i mrl on thr inhilntion of repro- 
duction of the a ninnl pirni'i in th'> h>! h. iininnnt l n tor- I hope to 
demonstnte •■nn c of tlm id\ uit ' « tl i jiro'oro i nnd woTin' iif this U^pc of 

stud% llic xuljjt ct h n liLin (.f int> '< --t to nn aid nn ro-v or' er- for about 
25 aoir-, but it n ‘-•jH \i-\ i.ieoniji’i t*’ pirtiiri 

.VlthougU immune factor- fre pn nt! i ni icd to inhilnt tlie rate of re- 
production of m\ ading o'gani'-'n'- ni.d, tlnn ir-> oiiK , feu in^t incc‘- in which 
such an inhibition h'ls oeen u.iuinnoc ilK dcinointr it( d 'Jhc diflicultj of 
dcmonslrating it nnsc": cliu fl\ from t o f 'ct*- In the first pi -cc, mo=;t antibod} 
cfTcctb result m the fairb npid dc ith of org •ni'-ins m in o or their ciuicL remo\ nl 
from the bod\, or both, v hcro'’s nn antibod\ effect on the rate of reproduction 
t-akes time and noco'i=itate'; ob'crv itiom o\er periods sufFicicnlb evtended to 
demonstrate an inhibition of reproduction In the second place, where there 
are no easih rccogmrable morphologic d changes due to reproduction, con- 
clusions must be based on eh mges m the number of organisms In such cases, 
a static population is gencrall} interpreted as indicating an inhibition of re- 
production whereas such populations ma\ and, especiall} in malaria, can at tmics 
be shown to result from a niceU b ilanced rcproductn c rate and death rate of the 
parasite 

Neither difficultj holds for some of the animal parasites Thej can be com- 
paratively easilj found in the host, and their reproduction, pro\adcd sufficient 
organisms sun ive, can be measured directb Thus, a measure of the repro- 
ductue actmtj of nematode worms can be based on fecundity or the 
egg-produemg capacity of the females In certain malanal parasites, more or 
less sjmehronous reproduction permits a direct measure of the rate of repro- 
duction which IS independent of the number of organisms destro 3 ed, and the 
locahzation of the parasites to the blood stream allow s approximate determi- 
nations of the changes of total population bj’’ ordinar}'" hematological methods 
Various tr3’panosomes also possess the advantage of bemg more or less evenly 

1 An amplification of the Ludvig Hoktoen Lecture delivered before the Society of Amen 
can Bactenologists, Philadelphia, Pennsylvania, May 16, 1947 
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distributed in the blood, and, although they do not reproduce synchronously, 
their reproduction can be gauged by the presence of dividing and vanable forms 
due to division and growth 

All mhibition of parasitic reproduction by immune factors must ultimately 
rest on the unpaument of metabohc activities of the parasite So far, at least 
two and possibly three tj^pes of reproductive inhibition have been found In 
the first tj^e, which occurs m the nematodes, immune factors apparently reduce 
the entire metabohc level of the parasite, mcludmg those processes which are 
mvolved m reproduction In the second type, which occurs m some of the 
ma l a r ial organisms, immune factors act snnilarly but are probably fortified by 
physiological derangements of the host resultmg from the general tovicity of 
the antigen-antibody reaction In the third t3T)e, which takes place m certam 
nonpathogemc tiypanosomes, immune factors so specificaJly inhibit reproduction 
that most of the general metabohc activities of the parasite seem to be earned 
on without obvious impairment 

J The Nematodes Ntppostrongylas muns The first type of inhibition of 
parasitic reproduction by immune factors is weU illustrated by the small hook- 
worm-bke nematode, N muns, of the rat The mechanism of acquired un- 
mumty is probably known better m this species than m any other form (see 
reviews m Chandler (20) and Taliaferro (53, 55)) 

The life cycle of N muns is more or less similar to that of many intestmal 
nematodes and involves both free-limng and parasitic stages The free-livmg 
part of the life cycle begins when eggs are passed m the feces of the host The 
eggs develop into infective larvae in about a week The parasitic phase of the 
life cycle begins with the penetration of the skm by infective larvae and lasts 
about 2 weeks in non-immime rats The larvae rarely remam m the skm longer 
than a day and generally reach the mtestme m from 2 to 3 days after nugratmg 
through the skm, blood, lungs, trachea, buccal cavity and esophagus After 
reachmg the upper part of the mtestme, the worms develop mto adults which 
measure from 4 to 6 nun in length, and the females generally begm to lay eggs 
6 to 7 days after infection Most of the adult worms are expelled from the 
mtestme appraxunately 2 weeks after penetration of the skm due to the ac- 
quisition of immututy 

Africa (1) and Schwartz, Ahcata and Lucker (43) first reported that rats, 
after recoverj’’ from infection with N muns, are relatively immune to a second 
infection The cellular and humoral mec hanism s of this immumty have been 
studied from many angles Suffice it to say here that m non-immune rats, the 
organisms feed and move freely m the skm, lungs and mtestme without dele- 
tenous effects to themselves In the mtestme, they feed periodically by piercmg 
the mucosa In sufficient!}^ immune rats, on the contrary, larvae which pene- 
trate the skin are progressixely prevented from feedmg and are immobilized 
and delayed m their migration Those which are not killed finally reach the 
mtestme but are stunted and are rapidly ehmmated The adult females produce 
and lay fewer eggs per day and for a shorter period Schwartz, Ahcata and 
Lucker (43) and Chandler (17, 18) have particularly stressed the retardation 
of growth and development and the inhibition of egg-laying of the females with- 
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^tributed m the blood, and, although they do not reproduce synchronously 
mejT reproduction can be gauged by the presence of dividing and variable forms 
due to division and growth 

Ah inhibition of parasitic reproduction by immune factors must ultimately 
rest on the unpairment of metabohc activities of the parasite So far, at least 
two and possibly three tj^pes of reproductive inhibition have been found In 
the first type, which occurs m the nematodes, immune factors apparently reduce 
the entire metabohc level of the parasite, mcludmg those processes which are 
mvolved m reproduction In the second type, which occurs m some of the 
malarial organisms, immune factors act smularly but are probably fortified by 
physiological derangements of the host resultmg from the general tovicity of 
the antigen-antibody reaction In the third type, which takes place m certam 
nonpathogemc trypanosomes, immune factors so specifically inhibit reproduction 
that most of the general metabohc activities of the parasite seem to be earned 
on without obvious impairment 

1 The Nematodes Ntppostrongylm muns The first type of inhibition of 
parasitic reproduction by immune factors is well illustrated by the small hook- 
worm-Iike nematode, N marts, of the rat The mechanism of acquired im- 
munity IS probably known better m this species than m any other form (see 
reviews m Chandler (20) and Taliaferro (53, 55)) 

The hfe cycle of N muns is more or less similar to that of many mtestmal 
nematodes and mvolves both free-hvmg and parasitic stages The free-hvmg 
part of the hfe cycle begms when eggs are passed m the feces of the host The 
eggs develop into infective larvae m about a week The parasitic phase of the 
Me cycle begms with the penetration of the skm by mfective larvae and lasts 
about 2 weeks in non-immune rats The larvae rarely remam in the skm longer 
than a day and generally reach the mtestme m from 2 to 3 days after migratmg 
through the skm, blood, lungs, trachea, buccal cavity and esophagus Alter 
reachmg the upper part of the mtestme, the worms develop mto adults nhich 
measure from 4 to 6 mm m length, and the females generally begm to lay eggs 
6 to 7 days after infection Most of the adult worms are evpelled from the 
mtestme approximately 2 weeks after penetration of the skm due to the ac- 


quiataon of immunity 

Africa (1) and Schwartz, Ahcata and Lucker (43) first reported that rats, 
after recovery from infection with N muns, are relatively immune to a second 
infection The cellular and humoral mechanisms of this i mmuni ty have been 
studied from many angles Suffice it to say here that m non-imraune rats, the 
organisms feed and move freely m the skm, lungs and mtestme without dele- 
tenous effects to themselves In the mtestme, they feed penodically by piercmg 
the mucosa In sufficiently immune rats, on the contrar}', larvae which pen^ 
trate the skin are progressively prevented from feedmg and are immobilized 
and delayed m then- migration Those which are not killed finally reach the 
mtestme but are stunted and are rapidly ehmmated The adult females produce 
and lay fewer eggs per day and for a shorter penod Schwartz, Ahcato an 
Lucker (43) and Chandler (17, 18) have particularly stressed the retardation 
of growth and development and the inhibition of egg-laymg of the females vnt 
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out, in most instances, an}’ marked lethal efTect Reproduction of the worms, 
therefore, is markedly inhibited in immune rats 
All of the endence mdicates that the inhibition of grow th and egg-la 5 mg is the 
result of an antibodj’’ actmg as a precipitin Thus, Sarles and Tahaferro (42) 
and Chandler (19) were able to transfer the immunity passivel}' Moreover, 
Tahaferro and Sarles (59) have demonstrated in their histological studies that the 
precipitm does not react wuth the general body surface of hvmg w orms but forms 
precipitates in vivo wuth the excretions and secretions pounng out of the orifices 
of the parasite, i e , the mouth, excretor}’’ pore and anus At times, the mouth 
of the parasite is capped and the w hole gut is filled wnth immune precipitate 
Later, after the worm begins to degenerate, antigens apparently diffuse through 
the cuticle and precipitate forms around the entue w orm All of the phenomena 
seen m the activel}’’ immime animal can be duphcated m the passivel}' immune 
rat although the various reactions are less mtense (60) The immobilizaton 
of the worms and formation of precipitate can also be duphcated in vilro 
(Sarles, 41) 

Antibodies actmg as precipitins are probabl}' functional m immumty agamst 
several metazoan parasites, mcludmg a number of nematodes, ticks and fly 
laiwae (Blacklock, Gordon and Fme (10), Trager (66), and renew m Tahaferro 
(55)) In some cases, they may largely inhibit growi.h and reproduction as 
they do m Ntpposlrongylus In other cases, they probablj’’ kill larger portions 
of the population 

Vanous hj^iotheses have been formulated as to how the precipitins act 
Blacklock, Gordon and Fme (10), m their work on the larvae of the myiasis- 
producmg fly, Cordylobia anthropophaga, first descnbed such precipitates m the 
^t and around the larvae m the skm of immune gumea pigs They assumed 
at the precipitate prevents the assimilation of food and leads to the death of 
e larvae by mechamcally blockmg the gut Chandler (18) considered this 
expa anation possible but alternatively suggested that the antibodies are anti- 
en^ymes which inhibit the actmty of worm enzjmes instrumental m digestmg 
^ assmulatmg host proteins His idea of anti-enzyme antibodies is similar to 
of Ascoh s (3) antiblastic unmimity m anthrax (vide infra) Chandler 
^ec cally homologized the anti-enzxmes he postulated with ablastm (see later 
discussion of ablastm, and Tahaferro (53)) 

0 matter how the antibodies act, it is amply evident that reproduction of 

bitioiT^^^^^^^ ^ is markedly inhibited The resultmg mhi- 

lon o reproduction is not specific, but seems to be simply an expression of a 

cimt^^ o^ermg of the metabohc processes It is not unlikely that the pre- 
certam enz3Tnes or enzjme substrates In either case, they 
} no spe cally mhibit enzj'me activit}’" but may simply reduce the effective 
(53H^ fionship between enzyme and substrate (See renew m Tahaferro 
tod ° ^c'^aon of the mode of action of precipitins m immuni ty to nema- 
aff Smith and Lmdsley (46) for examples of antibodies 

g actenal enzymes, and general reviews m Treffers (67) and Sevag (44)) 
been serums agamst Tnchinella spirahs also act as precipitins and have 
s own y Ohver-Gonz51es (35) to be particularly actn e in vitro hloulder 
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(unpublished work) has found that anti4richina immune serum, before it pro- 
du^B any morphological effect on the worms, significantly reduces the o\wgen 
uptake of the larvae utih 2 ang glucose m a Warburg respirometer This result 
might have been predicted but is important m view of the more specific inhi- 
bition of reproduction to be descnbed later 
2 The Malarial Parasites The second type of inhibition of parasitic re- 
production 18 found m malaria It is temporary in nature, and its antibody 
basis has not been established The plasmodia allow a particularly accurate 
measure of the rate of parasitic reproduction 
In 1922, W H and L G Taliaferro (61) began then studies on differentiatmg 
reproduction-inhibitmg from parasiticidal factors m immunity For this v ork, 
plasmodia and trypanosomes were selected because, smce they are restricted to 
and more or less evenly distnbuted throughout the blood stream, the course of 
then infection can be easily followed by means of frequent blood samples vnthout 
sacnficing the host Further progress m this vork rested upon developing 
measures of the rate of parasitic reproduction which are independent of the 
number of parasitic progeny which die LG Taliaferro (49) pomted out that, 
for the malarial parasite which has a synchronous asexual reproduction, the 
length of the asexual cycle and the average number of daughter forms, mero- 
zoites, produced by each mature form (suitably corrected, vhen necessary, for 
the proportion which grow mto sexual stages) give a direct measure of the time 
necessary for a parasite to grow and produce a given number of progenj'- and, 
thus, give a measure of the rate of reproduction She concluded that the mean 
number of merozoites produced by segmentmg parasites was equal throughout 
the infection, but she did not make determinations at closely spaced mtervals 
Boyd and Allen (13) and particularly Boyd (12) showed that the number of 
merozoites produced per segmenter vanes throughout the infection (cf , fig 2) 
The use of the synchronous asexual cycle m conjunction with the number of 
merozoites per segmenter as a method of measunng the rate of reproduction 
IS well dlustrated m infections of Plasmodium brasilianum m Central American 
monkeys as shown by Airs Taliaferro and me (62, 63) In this species, it takes 
three days for one parasite to grow up and produce about ten progeny as may 
be seen m the top right hand comer of figure 1 The length of the reproductive 
cycle is also shown m figure 1 by the 3-day peaks in the percent of forms 
(schizonts) with 5 or more nuclei This rate of reproduction is generally mam- 
tamed at a constant rate throughout the infection except when there is a high 
parasitemia and a sharp parasite dechne or cnsis terminatmg the acute nse of 
the parasitemia 

The parasitemia of an mfection with an mtense immune reaction at the crisis, 
as shown by the heaiy sohd hne m figure 1, consisted of an acute nse of the 
infection (24th to 36th day) with a progressive mcrease at each segmentation, 
a parasite declme or crisis (36th to 41st day) with an abrupt decrease, Md a 
developed infection (42nd day on) durmg which the parasitemia remained at a 

fairly constant low level . - 

As may be seen m figure 1. during the acute nse of this mfection, the rate oi 




T^Q 1 The Rate OP Ptt. 

Pap. -A^T) Death of Parasites during the Course of the 
rp, EiHA OP Plasmodium brasilianum in a Cebus Monkey 

i he asexual c\cle IP 

cated bj the occurrence ”8bt comer The rate of reproduction is mdi- 

zoite mean per 6e(nnentoT-^r^'^“^°°^® ® >®ore nuclei in conjunction with the mero- 

and dei-elop are comnnw produced) The number of merozoites which live 

tmn The merozoites wWifT of nse in the parasitemia for each segmenta- 

co^uscularlj be divided between those which die mtra- and extra- 

merozo^ite per^Kmenter (crisis, 39th to 42nd day) occurs when less than one 

occurs (after the 42nd dap?® completes its development and that a static population 
completes its develonm^t ‘ Tq approximately one merozoite per segmenter lives and 
1 " hi (bchematic curves from infection shown m (63), graph 3 ) 
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reproduction was constant at about 10 merozoites per segmenter per 3 days, but 
M the exponential rate of net increase m number of parasites was only about 2 5 
times per 3 days, it foUows that approximately 7 5 merozoites produced per 
Kgrnenter died Further analysis of the parasitemia curve mdicates that this 
death took place both extra- and mtracorpuscularly Thus, just after seg- 
mentation dunng the acute nse, the parasites mcreased by a factor of approxi- 
mately 6 Hence, on the average, 4 out of 10 extracoipuscular parasites died 
between segmentation and their penetration of new blood cells During the 
3-day mtracorpuscular development, the parasitemia gradually decreased so 
that the net merease was only 2 5 times the value before segmentation with a 
consequent average death rate of approximately 3 5 mtracorpuscular parasites 
The parasites which die are phagocytosed by the macrophages of the spleen, 
hver and bone marrow (Tahaferro and Cannon, 56) Smce both the rate of 
reproduction and death rate are constant dunng the acute nse, the parasitemia 
mcreases at an exponential rate 

As soon as less than one parasite survives per segmenter, the parasitemia 
decreases and the crisis ensues At this time, reproduction may be irregular 
and markedly inhibited (fig 1) 

Dunng the developed infection, synchronism and the onginal rate of repro- 
duction are resumed Frequently, however, the derangement of reproduction 
at the crisis leads to the occurrence of two broods of parasites whereas only one 
brood existed before, as is shown m figure 1 by one peak of multinucleated forms 
every 3 days before the crisis and 2 peaks every 3 days after the cnms During 
the developed infection, only one merozoite survived to complete its develop- 
ment, and a static population resulted Here is an example of a static popu- 
lation m which uninhibited reproduction of the parasite is takmg place as shown 
by the growth and regular division of 2 broods of parasites (fig 1, top) 

From the foregomg discussion, it is evident that parasitic reproduction m 
P brasiltanum may be markedly inhibited at the intense reaction of the cnsis 
This inhibition, however, is temporary m that reproduction is resumed at its 
usual rate immediately after the crisis even though the ammal is highly immune 
to supennfection 

Boyd and Allen (13), who first descnbed this type of inhibition of reproduction 
m P cathemenwn m the canary, have suggested that it has an athreptic basis 
I beheve, however, that this temporaiy inhibition of reproduction is connected 
with acquired immunity as mdicated by the foUowmg facts (a) It occurs at a 
tune of mtense agglutination and filtration of the parasites m the spleen and of 
mtense opsomfication and phagocytosis by the macrophages of the spleen, hvcr 
and bone marrow (b) It is associated with crisis forms in the circulating 
blood, 1 e , morphologically degenerate forms prevalent at the crisis 

The question immediately arises, however, why is the ongmal rate of repro- 
duction resumed during the developed infection when the ammal is stiU higWy 
immune to supennfection? This may be due m part to a decrease in antibody 
titer We are obtaimng more and more evidence that immumty is strongest 
at the parasite deebne or crisis and graduaUy decreases thereafter It is proW 
also due m part to toxic effects of the mtense antigen-antibody reaction at the 
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crisis These effects are manifested by such changes as an irregular fatty change 
m the hver (Tahaferro and Cannon, 56) and sickness of the monkey such that 
it becomes sluggish, doesn’t eat, and its temperature drops Indeed, some 
nmmnlR die This idea is supported bj'- the work of Stauber (47) which mdicates 
that such factors as altered bodj"- temperature and host activity markedly de- 
range the asexual reproductive cycle 

In blood-mduced infections with P gallinaceum m the chicken, the number of 
merozoites produced per segmenter and, therefore, the basic rate of reproduction 
starts at a high level and steadilj^ decreases throughout the acute rise until it 
reaches a low pomt at the end of the crisis (fig 2) Workmg with this parasite. 
Moulder and I (impubhshed work) have been unable to demonstrate that sup- 
posedly immune serum inhibits the ox 5 ’’gen uptake of parasites, either withm 
the red cell or freed from it except m a few cases when the parasites are aggluti- 
nated These negative results maj'’ mean nothmg because antibodies have 
only been sporadically demonstrated m this infection They may, however, 
be significant and mdicate that the toxicity associated with the antigen-antibody 
reaction is m reality the major factor even though it is not readily demonstrated 
Furthermore, the agglutmation seen m occasional serums may be simil ar to the 
m VIVO agglutination durmg the parasite declme or crisis and ma}’’ represent the 
direct action of antibodies on the parasites If so, the inhibition of oxygen 
uptake would result from a mechamcal reduction of the effective surface contact 
between the parasite and the medium In so far as the antibody acts directly 
on the parasite, malana would resemble Nippostrongylus infections m which 
the precipitm acts on the worm Thus, agglutination mi gh t cause a reduction 
m surface contact between the orgamsms and the medium, which m turn might 
easily cause a generahzed suppression of metabohc activity mcludmg those 
processes necessary for reproduction It may be noted, however, that Sevag 
and hliUer (45) found no dimmution of oxygen consumption m EbertheUa typhosa 
and pneumococci while agglutinated by immune serum 

The mterrelations of parasite reproduction and survival present a fascmatmg 
picture and are shown diagrammaticallj’’ for six infections m figure 2 In this 
figure, stages of the various infections are shown as if they were of the same 
ength, and detailed parasitemia curves are omitted In a t 3 'pical infection by 
brasilxanum, as contrasted to that shown m figure 1, which had an excep- 
lonallj marked immune reaction, the rate of reproduction is mamtamed at a 
constant level (approximately 10 are produced every third day) except for a 
•empor^’- decrease at the parasite declme durmg some infections, whereas the 
B^nv of parasites is constant (around 3) durmg the acute nse, decreases at 

e c^is, and then is agam constant durmg the developed infection (although 
a a ower level around 1 — ^than durmg the acute nse) except for gioradic 
temporary mcreases durmg relapses (63) 

ectionwithP lopkitrae m the chicken is essentially similar to P hTosilianum 
except t at the mitial rate is higher (11 merozoites are produced m half the time) 
^d the sunm al rate (around 4) is higher durmg the acute nse (W H and L G 
ialiaferro, 65, and impubhshed work) 

In infection with P cijnomolgi m the rhesus monkey, the rate of reproduction 
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pro^savdy decreases dumg the acute nse until the parasite dechne is reached 
as shoim by a decrease from 15 to 9 m the merosoites prodL?reu i^s 'd 

15) during the developed 

of the mfeew f parasites is practically 100% at the begmmng 

of the infection but sharply decreases dunng the acute nse to an extremdy low 



Pig 2 Schejiaho Diagbams of the Rate or Rbpbodoction and the SxmnvAL and 
Death Rates op Sevebai Spectbs of Peashodia 
The rate of reproduction is shown by the meroroites produced (since the asoiraal cycle 
IS usually constant) and the death rate is the difference between the forms that are pro- 
duced and those that live 

Note that, for purposes of comparison, the stages of infection, i e ^ acute nse, parasite 
decline and developed infection, are arbitranly indicated by the identical intervals in each 
infection, although they vary over a wide range (Graphs are based on data of P Itrasiltan- 
um from (63), P cynomolgt from (64), P galhnaccum from (65), P calhemmum from 
(49), (12), and unpublished work, P lophurae and P knoiclett from unpublished work) 

point (less than 1 merozoite) during the parasite decline, and thereafter only 
temporarily and shghtly mcreases (W H and L G Tahaferro, 64) 

In infection with P aUhemmum m the canary, changes m the rate of repro- 
duction are somewhat similar to those encountered in infection with P epnomoigt, 
whereas the survival rate is somewhat similar to that encountered m infection 
■with P hrasiltanum and P lophurae eveept that relapses are uncommon (L G 
Taliaferro (49), Boyd and Allen (13), Boyd (12)) In this infection, we have 
the anomaly of a generally decreasmg rate of reproduction with an essentially 
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constant survival rate during the acute rise of the infection (Boyd and Allen 
(13), Boyd (12), and unpubhshed work by W H and L G Tahaferro) 

In the first part of the fatal infection with P knowlesi, changes in the rate of 
reproduction and survival of parasites follow the general pattern seen m in- 
fections with P cynomolgi, but there is no pronounced crisis and survival of the 
merozoites increases to 100% ]ust before death (W H and L G Tahaferro, 
unpubhshed work) 

Finally, the infection of P gallinaceum in the chicken is somewhat similar to 
the infection of P knowlesi except that the rate of reproduction is higher through- 
out (15 to 25), the mitial survival of the parasites at the begmnmg of the m- 
fection IS less than 100%, and the waves of mcreased survival are comparatively 
small (W H and L G Tahaferro (65) and impubhshed work) Although 
observations on P gallinaceum were made on blood-mduced infections in which 
exoerythrocjtic stages are relatively infrequent dunng the acute nse, the fore- 
gomg analysis maj' be mvalidated to the extent that exoerythroc3i;ic stages do 
occur, particularly after the crisis 

S Trypanosomes of Rodents Trypanosoma lewtsi The third, and, to me, 
the most mterestmg type of inhibition of parasitic reproduction has so far been 
demonstrated uneqmvocall}’- onl}-- m infections with trjqianosomes belongmg 
to the T lewisi group It is brought about by an antibody which is so exqm- 
sitely specific m action that it inhibits reproduction with no apparent effect on 
the general vitahty, motihty, or infectmty of the orgamsms 
T leunsi is a relatively non-pathogemc blood parasite of rats all over the world 
and IS transmitted from rat to rat by vanous species of fleas It is representative 
of a large group of trypanosomes which occur m vanous rodents All have ap- 
proximately the same morphology and hfe cycle, but each is highly specific for 
its vertebrate host 

The development of the parasitemia m rats foUowmg experimental infections 
mduced with infected blood has been descnbed by Steffan (48) and subsequent 
observers (61, 50, 22, and review m 54) Immediately after the mjection of 
blood there is a prepatent penod, which may be of several days’ duration or which 
may be lackmg if sufficient organisms are mjected Once the organisms are 
seen m the blood, their numbers mcrease and may reach a peak of 300,000 per 
cmm or more 4 to 7 days later Once the peak is reached, the parasites may be 
removed from the blood rapidly m a cnsis-hke dechne or gradually b}’’ a senes 
of small decreases Sooner or later, they reach a somewhat constant number 
(developed infection) but eventually disappear Thereafter, the rat is more or 
less i mm une to a second infection 

As earlj' as 1899, Rabmowitch and Kempner (37) reported that the blood of 
rats dunng the earlj- part of their infection contains man3’- dividmg forms whereas 
later in the infection, it contains only non-reproducmg parasites This conclu- 
sion was full3' lenfied b3' von Wasielewski and Senn (68), Laveran and !Mesnil 
(28), MacNeal (29), Brown (14) and especially 63’’ me and m3’’ coworkers who 
apphed statistical methods to the problem (CoventT3’’, 22, W H and L G 
Tahaferro, 61, Tahaferro, 50) We have found that all mitotic division and 
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growth IS gen^y completely mhibited by the tenth day of the infection and 
sometimes earlier 

For these studies and especiaUy for demonstratmg an antibody basis, methods 
of measunng the rate of reproduction are necessaiy which ore mdependent of 
how many parasites die Two basic methods are now m use The first of these 
rehes upon the occurrence of dividmg trypanosomes The early mvestigators 
(37, 68, 28, 29, 14) were content to note the occurrence of dividmg forms in 
blood smears, and this method is stiU accurate for detennmmg whether or not 
reproduction is occurrmg (see 57) Later workers determmed the percentage of 
dividing forms, vanously defined, during the course of’infection (see Robertson 
(40) and Knjgsman (27) for pathogemc forms, and Taliaferro and Pavhnova 
(58) for T lemsi) The second method mvolvmg the coefficient of variation 
was devised by Mrs Tahaferro and me (61) It depends upon the fact that 
members of a growmg population vary m total length because of young and 
growmg forma, whereas those of an adult population do not Both methods 
have certam advantages (58) 

The inhibition of reproduction of trypanosomes is brought about by an anti- 
body which I (50) demonstrated m 1924 and later called ablastm (51) Dis- 
appearance of the tiypanosomea can frequently be associated with a typical 
lysm which can be complemented with fresh gumea pig serum (51, 52) It may, 
however, act chiefly as an opsonm (4), possibly, in part, because the rat is de- 
ficient m lytic complement 

Ablastm as well as the lysm is specific m action, is precipitated m the globulin 
fraction of immune serum, and arises after immunization with killed organisms 
(see 51) As first shown by Regendanz and ICikuth (38), the formation of 
ablastm is lessened by splenectomy This antibody has been studied by a 
number of mvestigators from several aspects (see review in 54) 

Ablastm diflters from the lysm m the firmness of its umon with trypanosomes 
(51) If lytic serum is absorbed with either dividmg or adult trypanosomes, 
not only is the lysm removed, but the trypanosomes are sensitized so that they 
qmckly disappear from the penpheral blood when mjected mto normal rats In 
marked contrast, when abiotic serum is treated repeatedly with dividmg and 
adult trypanosomes, ablastm is not removed This lack of absorption cannot be 
due to an insufficient number of trypanosomes because the parasites used for 
absorption are not sensitized, i e , they are not prevented from dividmg when 
put mto normal rats Actually, however, if sensitization occurred, a blood infec- 
tion could never be transferred to a normal rat except dunng the first few days 
when the organisms are not inhibited by ablastm This characteristic may 
differentiate all true ablastic types of antibodies (see discussion of nonabsorbable 
antibodies m helmmth infections, 15, 16, 36, 53) 

Recently, Augustme (4) concluded that recoveiy from remfection with large 
numbers of’parasites mvolves only the trypanocidal antibody and that ablastm 
plays no r61e He states that the parasites may remam for varymg pen^ vath- 
out mcreasmg m number even though they are dimdmg because of a differential 
susceptibility of the dividing forms to the trjpanocidal antibody 
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I accept entirely the results of Augustine and consider them to be important 
extensions of previous findmgs by Coventry and me In passively transferrmg 
the trjTpanocidal antibody, I have frequently seen static populations contammg 
dividmg tri^ianosomes They probably also occur m supennfections because, 
as Coventry (22) first demonstrated, ablastm decreases m titer as the infection 
proceeds The large numbers of tr^^panosomes which Augustme used would, 
therefore, be expected to overwhelm the weaker ablastm before it did the stronger 
lysm However, Augustme’s work can be mterpreted as showmg that there is 
no such antibodv as ablastm (see liidd (26), Dubos (24), Becker and Gallagher 
(8)) In other words, a static population of adult trypanosomes would be brought 
about b}’’ a differential removal of dividmg parasites I cannot accept this view 
because, m the first place, it is difficult to conceive of an infection m which 
dividing parasites are removed so completely that they are never seen In fact, 
Augustme saw dividmg forms m his reinfections although they are not seen m 
the latter part of imtial infections In the second place, such a view contains 
an inherent contradiction m that a population, m which adult trypanosomes were 

TABLE 1» 


Oxidative metabolism of Trypanosoma leunsi 


sxn.oinicTr.x state ot tstpasosooies 

DlVIDliro Aia> 
OROWDsC 

^0^ DtVJDISO 
ADULTS 

DAY or DTEXCnOV 
ON WHICH CHANGH 
occtrggKD 

O'iygen uptake i<M/l(P tr3T)aiiosomes/2 hr 

45 

62 

5 

Glucose utilization /iM/l(P trypanosomes/21ir 

42 

25 

4 

Otygen/glucose ratio 

1 03 

2 78 

4 

Respiratory quotient 

0 74 

0 91 

4 


* Modified from Moulder (34) 


removed as soon as they started to divide or even after they had divided, would 
not remam stationary but would decrease 
Moulder (32, 33, 34) has begun a study which promises to furnish consider- 
able endence on the mechanism of ablastic action In prehminaiy studies, he 
has found that ablastic serum has no effect on the oxygen uptake of dividmg 
T lewisi utihzmg glucose m a Warburg respirometer (personal commumcation) 
Such a result might be expected because of the comparatively short tune the 
serum is actmg on the parasite m such experiments On the contrary, he (32, 
34) has obtamed positive differences when trypanosomes are observed at differ- 
ent stages m the infection, i e , when they are rapidly dividmg (before the 4th 
or 5th day of the infection), and after their reproduction has been inhibited by 
ablastm in vivo (after the 5th day of the infection) As shown by the data for 
the dividmg as compared to non-dividmg forms m table 1, trypanosomes whose 
reproduction was inhibited had a higher oxygen uptake, oxy^gen/glucose ratio 
and respiratorj quotient, and a lower glucose utilization (34) 

He pomts out that the effects of ablastic action in mvo are similar to two types 
of prenous findmgs Thus, m work on the effect of such inhibitors as urethane, 
aade and dmitrophenols upon respiration and cell dinsion m yeast cells and sea 
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urchin eggs Rsher Stem, Fisher and Heniy, and Krahl and Clowes (see 

^0^ concentrations of these inhibitors 
inhibit cell division with only a shght depression or even a stimulation of oxygen 
con^ption In addition, Barker, Giesberger and Clifton (see review m 21 
30) have shown that cells not only oxidize substrates for energy but also oxida- 
tively assimilate part of the substrates In the latter process, more substrate 
disappears than can be accounted for by its complete oxidation to CO- and HiO, 
and, therefore, both the respiratory quotient and the oxygen/substra'te ratio w 
low Low concentrations of such inhibitors as azide and dmitrophenols may 
inhibit oxidative assimilations without depressing oxygen consumption just as is 
the case when they inhibit cell division Under such conditions, the R Q rises 
and oxygen consumption can be largely accounted for by the complete oxidation 
of the substrate which disappears Moulder suggests that ablastin may inhibit 
cell division and growth by inhibiting the oxidative assimilation of glucose in 
reproducmg trypanosomes in a manner similar to the inhibition by azide or 
dinitropbenol m concentrations too low to reduce the rate of oxygen consump- 
tion Thus, young reproducmg trypanosomes oxidize glucose incompletely 
because they are oxidatively assimilatmg glucose whereas adult non-reproducing 
trypanosomes oxidize glucose more completely because the oxidative assimila- 
tion has been inhibited 

Moulder (32, 34) further found that, although the degree of mhihition is never 
great, sodium malonate more markedly inhibits the oxygen uptake of noa-re- 
producing adults than of dividing trypanosomes This would suggest that the 
suppression of oxidative assimilation under the mfluence of ablastin results 
specifically from the loss of the power to carry oxidation past the succinic acid 
step m intermediary metabolism However, Moulder was unable to relieve the 
malonate inhibition of glucose oxidation with fumarate or to obtain the oxidation 
of added succinate m either young or dmdmg trypanosomes Smiilarly, Reiner, 
Smythe and Pedlow (39) reported that succimc acid is one of the end products 


of aerobic metabolism m this species 

Becker and his associates (7, 9) have found that the reproductive phase of the 
infection is prolonged when pantothemc acid is withheld from the host’s diet or 
■when sodium sahcylate is administered per os (8) As a result of these findings, 
Becker and Galla^er (8) suggested that ablastin is an oxidative enzyme com- 
posed of a protem moiety m combmatron with pantothemc acid According to 
them, the apoenzyme is a specific protem which accumulates m the blood during 
immuni zation and becomes associated with the coenzyme, pantothenic acid, 
normally present They thus explam the effects of pantothemc acid deficiency 
by the absence of the coemryme, and the action of sahcylate by its combming 
with the protein m place of the coenzyme 

As far as infections produced by relatives of the lewisi-group of trypanosomes 
have been studied, they are characterized by the eventual inhibition of reproduc- 
tion and hence, mferentiaUy by the formation of ablastm The infection of the 
mouse with T duUom isimteresting because, besides an acquired abl^n, the 
mouse possesses an innati^^abihty partially to inhibit reproduction of T duUont 
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(58) This innate factor cannot be passively transferred and has not so far 
been demonstrated m a normal rat against T lewm (52, 54) 

4 Related Studies There are several reports m the hterature of immune 
serums inhibitmg the reproduction of bactena vuthm the body At the present 
time, however, such an antibody action has not been deSnitely estabhshed m 
mvo and probably cannot be as firmly established as it has been for some bacteria 
m the presence of certam dyes or drugs m appropnate concentrations The 
diflBculty mvolves the differentiation of a population of viable, non-reproducmg 
cells from one m which active cell division is occumng but is ]ust balanced by 
the rate of death In fact, advances m estabhshmg reproduction-mhibitmg 
immune factors may only be possible after we know the metabohc pathways, 
and the specific action of immune factors on these pathways I would, however, 
like to call a few of the more important studies to your attention 
Historically, the most important is the concept of antiblastic immumty which 
was developed by Ascoh m 1906 and 1908 (2, 3) while workmg on anthrax m the 
gumea pig Parenthetically, it should be noted that I was unav are of this work 
when I proposed the term ablastm Ascoh concluded that the protective action 
of serum is due to the inhibition of certam assimilative processes of the bactena 
which prevents germination and is associated with a delay m capsule formation 
He further found that this antiblastic pnnciple is nonabsorbable with specific 
bactena and does not kill them Later, when ablastm m T Uvem infections was 
found to possess these same characteristics, Ascoh beheved the antibody he had 
descnbed to be identical with ablastm (3a) At present, the data seem made- 
quate to decide whether Ascoh’s pnnciple works m the specific way I have 
descnbed for ablastm On the other hand, there is not sufiBcient evidence to 
disprove it 

Dochez and Avery (23) beheved that antiblastic factors occur m antipneumo- 
coccus serum ■which are anti-enzymatic m nature and cannot be e'^plamed by 
figglutma'tion Later, however, Blake and Barber questioned t,hi3 Usmg 
smgle-cell methods. Barber (5, 6) could not obtam any endence of the inhibition 
of growth or lengthemng of generation time of pneumococci under the influence 
of immune serum either in miro or in mvo Blake (11) found that immune serum 
inhibits vanous metabohc acti'vities of the pneumococcus, but that this inhibi- 
tion vanes -with the agglutinm content and disappears after removal of the ag- 
g utinins by absorption The agglutinins act apparently m much the same man- 
ner as suggested for precipitins against nematodes m that they decrease the 
ace contact of bactena and medium (cf the negative results on respiration 
reportod by Sevag and hlfller, 45) 

Campbell (15, 16) has used the property of nonabsorbabflity to differentiate 
^o tj-pes of protective antibodies against the lan'^al form of the tape worm, 
acnia taeniaeformis, and to homologize one with ablastm Here agam more 
etailed studies, especially as to the effects on metabolism, ■will be necessary to 
proi e the smnlanty or dissimilanty of the two 

interest is the description by Kidd (26) m 1946 of an anti- 
j , produced by rabbits implanted with the Bro-wn-Pearce tumor or mjected 
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TOth cell-free extracts of it, which is capable of suppressmg the growth of the 
tumor cells m mvo He could obseiwe no microscopic effects of the immune 
serum on the cells in mtro, such as lysis, agglutination or abnormal stammg reac- 
tions To analyse such data with respect to reproduction, one prime condition 
can be satisfied, ne , mitotic division can be adequately differentiated from 
cellular destruction just as m the protozoa The same would be true of tissue 
cells if the recent suggestion of hfedawar (31) is verified Medawar bebeves 
that the destruction of homologous skm grafts m rabbits is due to the action of 
antibodies which prevent nuclear division m the cells of the grafted tissue 
Condusums In conclusion, I should like to stress the fact that most anti- 
bodies either kill parasites quickly or effectively aid m rapidly removmg then 
from the body There are relatively few proven conditions m which antibodies 
inhibit the basic rate of reproduction of the parasite in mvo Many alleged cases 
are based on the occurrence of a static parasite population but, in such a popula- 
tion, the members may actually be multipljung and may be bemg killed bj' lysis 
or phagocytosis at the same rate that they are bemg produced 
There are, however, a few infections m which reproduction of the parasites 
can be shown to be inhibited In some of these, the same antibody which kills 
and aids m ehminatmg the parasites from the body, also partially inhibits re- 
production of the parasites Thus, a precipitm m worm infections does not 
specifically inhibit reproduction but probably depresses all metabohc activities— 
includmg those on which reproduction rests In malana, a somewhat similar 
nonspecific type of inhibition of reproduction occurs and is probably fortified by 
the toxicity of the mtense antigen-antibody reaction at the crisis which primanly 
deranges the host’s activity and secondarily the parasite’s reproductn e cj cle 


The antibody bases for these effects have not been established 
Fmally, m infections with T lewisi, ablastm specifically inhibits reproduction 
of the parasites with no apparent effect on the general activity or infectivity of 
the parasites This antibody seems to form no lasting union with the organism 
As inhibition of reproduction occurs tn mvo, the oxidative processes are modified 
m a manner which suggests that the oxidative assimilation of the substrate is 
reduced and that m nondindmg tiyqianosomes most of the substrate is oxidized 
to supply eneigy for mamtenance Biologically, this antibody is of great interest 
and may mvolve mechanisms related to the suppression of cell division in normal 
development or to the mcreased cell dnusion m tumors Unfortunately, the 
proved occurrence of ablastm m immumty is limited to one group of non-patho- 
gemc tiypanosomes, although it may play a r61e m certain bacterial and 
tapeworm infections and m transplantable tumors 
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An endosrpore is an intracellular spore formed chiefly by certain bactena and 
capable of reaching a high degree of resistance to deletenous agents This 
definition unphes three pomts, usually not understood, about the endo^ore 
the first IS that the biological significance of the endospore is not yet known and, 
consequently, that the term should be considered provisional, the second is that 
endospore formation has been observed outside of the bactena, e g , m the genus 
OsciUosptra of the blue-green algae (38, 40), the third is that the resistance of 
the endospores m a given species does not have a fixed value 
In the bactena, endospore formation is most prevalent among the rod-hke 
^rms and is the basis for the anaerobic genus Clostridium and the facultative 
acillm However, it is found, although rarely, m other groups We thus 
ve the endospore-foimmg Planosarcina ureae, Spirillum amyliferum (166), 
and Spirillum praedanm (40) 

The importance of endospore formation is two-fold first, it constitutes the 
0 y certam and reproducible cyclostage m bactena, second, the high resistance 
w c it may attam has determined the bactenological methods of stenhzation 
e practical importance of these methods m medicme and m the food mdustnes 
can not he overestimated 


e endospore appears as a highly refractive body mside of a mother cell 
h ^orangium Ehrenberg (54) observed m vanous protozoa, among 

^ ^ placed the bactena, refractile bodies that he called eggs It is not 

ce am w ether any of the forms m which such bodies were observed were 
^nume actena Pertj’’ (133) observed such bodies m undoubtedly true 
actena, expressed the opmion that they might be spores, and used their presence 
^ genus he called Sporonema Perty did nothmg to prove that 
observed were spores, although examination of his drawmgs leaves 
no ou t a out the correctness of his supposition Pasteur (132) was the first 
0 corre te the presence of retractile bodies m bactena and resistance to dele- 
tenous agents It remamed for Cohn (23) and Koch (104) to prove, the first 
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TOth Ba^us sublilts and the second with Baallus anthraas, that the refractiJo 
bo^es observed in these organisms may germinate when placed m a new medium 
and develop from spore to spore 

It is not the purpose of this review to discuss the extensive hterature on the 
resistance of the endospore to deleterious agents This would require a separate 
review We shall merely pomt out several properties of the endospore which 
seem to account for its resistance These are a, the low permeabihty of the 
coats which is undoubtedly the chief factor in resistance to chemicals, a fair 
degree of correlation has also been found between toughness of the coat and 
resistance of various strains to heat, 6, the presence of a relatively considerable 
quantity of nbonucleic acid througWt the cytoplasm of the spore, which un- 
doubtedly protects the protoplasm against ultraviolet rays, electrons, etc , 
c, the low free water content which should be an important factor m resistance 
to heat 

Differences m resistance between different spores of the same culture and m 
the average resistance of the spores m different strains or species may be at- 
tnbuted to differences m one or more of these characteristics This is probably 
why resistance is affected by the environmental conditions under which the 
spore 18 formed Also, m a given culture many spores show evidence of incipient 
ger m i n ation and, consequently, a corresponding drop m resistance 

Differences m resistance to heat between spores of different strains or species 
may be somewhat correlated with the maximum temperature of growth This 
is undoubtedly due to differences m thermostabihty of important components 
of the protoplasm Indeed, a protoplasm which thrives at 65 C must be different 
from one that is destroyed below this temperature There is no evidence, how- 
ever, for the existence of such a difference between the protoplasm of the vegeta- 
tive cell and that of the endospore m the same stram 
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Structure of the reeling endospore 


The structure of the endospore has been the subject of numerous investigations 
promoted by its obvious relation to the structure of bacteria m general, and by 
its beanng on the problem of resistance Unfortunately, the endospore is not a 
good object for cytological investigation Besides its high optical density and 
low degree of permeabihty to dyes and other reagents, it shares with the i egeta- 
tive cell all the other factors which, for nearly three quarters of a centuiy, made 
that cell a Gordian knot for the cytologist Consequently, definite knowledge 
about the structure of the endospore was, until very recently, m a primitive 


Cohn (23) considered a spore of Bacillus sublilis to consist of a thm, gelatmoiu 
layer (the spore coat) surroundmg a strongly refractive content As a resuJt 
rf obirvmg Bpore Kod> (104) Waved that the 

Bae.'!ue coM»ls probably ot ody 

pl.em.0 layer, thw layer ^ the hvnB substaeee, but My droplets ‘r* 

Lerve Jtetj to ie used up dururg geruumt.ou There » BO meut.oB of . 
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spore coat Migula (125) explained Kocli’s inability to see the coat by assuming 
that m the media used by Koch the orgamsm did not shed a coat upon germina- 
tion 

Brefeld (10) was the first to observe a double membrane around the spore of 
B subtihs, the outer one or e\osponum (not m the sense used by Lewis, 114) is 
shed off upon germination, and the inner one becomes the wall of the germ cell 
Treatment of the spore with a number of reagents (lodme, zmc chlonde -f 
lodme, ether, chloroform) revealed nothmg about the mtemal make-up of the 
spore However, smce the spore became transparent, particularlj’’ at the middle, 
when treated with concentrated sulfunc acid, Brefeld concluded that it consists 
of combustible orgamc matenal 

Accordmg to deBaiy (36), the spore consists of a homogeneous, strongly 
refractive protoplasm surrounded by a thm, firm, apparently brittle membrane, 
this membrane is often surrounded by a pale, weakl}’" refractmg, and poorly 
delimited layer of a gelatmous consistency, which is often drawn mto tad-hke 
appendages at the spore ends Klem (82) stated that the spore of Bacillus 
lepiosporus possesses a membrane differentiated mto two layers, such as one 
observes m B siibiilis, B megalhenum, B sessilts, and other organisms This 
sharply delimited membrane is surrounded by a fairly broad, mat halo of slime 
which IS not merely an optical phenomenon, smce one never sees two contiguous 
spores touchmg each other at their sharply delimited membranes Burchard 
(15) observed two coats shed off by the germinatmg spore of Bacillus peirosehm, 
the inner coat was darker and thicker than the outer one Two such coats 
were also illustrated by Migula (123) 

An mtensive study of the endospore by Meyer (120, 121) led him to conclude 
that it consists of a protoplasm containmg a nucleus and cell-sap vacuoles and 
surrounded by a membrane m two layers, the outer layer is the episponum or 
exosponum (m the sense used by Brefeld, 10), and the inner layer is the endo- 
sponum (not m the sense used by Lewis, 114) Meyer suggested for these 
membranes the names exine and inline, respectively The exme and mtme 
orm the firm spore membrane which is often surrounded by a shme layer 
These three membranes were carefully illustrated m a later pubhcation (122) 
eyer also stated that the restmg spore may still contam another membrane, 
that of the germ cell 

The restmg endospore of Bacillus butschlii, accordmg to Schaudinn (153), 
consists of a dense, homogeneous protoplasm surrounded by two coats The 
inner coat encloses the protoplasm completely, the outer one leaves bare a small 
area, a sort of a germ pore, at the outer pole where the germ ceU emerges durmg 
genmnation The homogeneous protoplasm consists chiefi}’’ of a mass of 
c omatm resultmg from the fusion of numerous granules which had gathered 
m t e orespore In Baallus sporonema (154), the spore protoplasm also con- 
sists c efl}’’ of chr omatm resultmg from the growth of a granule, but no germ 
pore IS obsen ed Guilhermond’s new (70) on the structure of the endospore 
m several spore formers is similar to that of Schaudinn (154) on B sporonema 
Breisz (142), studymg chiefly B anthracis, makes no mention of an exme or 
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mtme but -tmtes of a spore coat formed by shrmkage of the outer layer of the 
forespore It can be concluded from his descnption of spore formation that 
the protoplasm of the spore may contam a nucleus, at least durmg certain stages 
of its development, but no acid-fast or metachromatic granules In a later 
paper (143), he describes the spore as consistmg of a shiny body and a homogene- 
ous coat which is uncolored by vital staimng, at most, the contour of the shmy 
body and the coat are weakly stained OccasionaUy, one finds between the 
poles of the shmy body and the contour of the coat round or irregular granules 
which must be the rest of the chromatic substance concerned with the formation 
of the spore coat Almost always, the spore nucleus is located at the lateral 
boundary of the shmy body, not at one of its poles The shmy body consists 
of reserve material surrounded by a thm layer of protoplasm The wall of the 
germ cell does not pre-exist m the restmg spore but is formed durmg germmation 
PreiBz observed spores with a different structure, but mterpreted the differences 
as evidence of germmation 

Schussmg (156) beheved to observe, m an imidentified bacterium, a spore 
consistmg of a strongly refractive membrane with a double contour and a 
protoplasm conta mm g two nuclei Petersen (135) stated that the endospore 
of B myandes is, m all stages, usually unmucleate However, when the mother 
cell contains two nuclei, the second nucleus “later moves towards the young 
spore and perhaps mvades it ” Badian (3, 4) reported one, dumbbcll-hke 
chromosome m the spore of B sviiths, B myandes, and B megathemm 

Lewis (114) was unable to demonstrate a nucleus m the endospore of B 
myandes He stated “There is no conclusive evidence that deeper stammg 
capacity of the spore pnmordium is due to a difference m chromatic matenal 
On the other hand, such evidence as can be obtamed by the stains employed 
pomts to the opposite conclusions The material, except for a smgle deeply 
stamed granule which is not always visible, has every appearance of uniformly 
stamed cytoplasm ” He further adds ‘Tt is probable that the true spore 
wall IS made up of two layers, the outer exme and the inner mtme, as m larger 
and better known spores but this is difficult to demonstrate ” The exme is 
surrounded by a stamable layer, thm at the sides and thick at the poles, which 
represents the shrunken exosponum (for the meanmg m which he uses this 
term, see below) Dehporte (39-41), studying endospores of vanous bactena, 
observed a refractile membrane, a hyalme cjdoplasm, and a Feulgen-positive 


rod or granule 

The structure of the resting spore, hydrolyzed with normal HCl, was recently 
mvestigated by Robmow (148) m the foUowmg members of the genus Baallvs 
B mya)ides,B mesentencns\B cerens,B anihracis, and B megalhenum 
found similar m aU of thesd organisms, and was descnbed as follows Tn the 
cytoplasm of hydrolyzed spores, mounted m water, three concentnc la} ers 
be distmguished The central portion, a narrow core is refractile and ^mbl^ 
and merS^mto a thick layer of less refractile and l^readdy ^ 

plasm, bounded on its outer surface by a thm crust of ® 

Ltenal which may be identical^^with the spore membrane-Ro chromatmic 

matter is found m the cytoplasm 
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“The nucleus is the most refractmg element m hj’-drolyzed spores, it is attached 
to the outer surface of the cjdoplasm and readily distmguished from it as a 
bnghtly retractile body even m unstamed vrater-mounted preparations The 
nucleus gives a strong positive Feulgen reaction, m sharp contrast to the i egeta- 
tive cytoplasm, and is deeplj’’ and bnUiantly stamed with Giemsa solution and 
crystal 'vuolet In spores hydrolyzed at 57-60°C, the nucleus contracts 
lengthwise and mcreases m thickness, and although it remains clearl}’’ attached 
to the surface of the dormant c 3 ’toplasm, it now causes a hump m the formerly 
unbroken contours of the cell ” 

“Lateral and full views alike suggest that the nucleus is a biconcai e disk with 
the central depression sometimes extendmg to part of the perimeter The 
shape of the nucleus somewhat resembles that of a fresh human red blood cell ” 
“The fate of the spore membrane durmg hj’^drotysis is also not clear and may 
vary m different species In Baallus anihracis and B megathenum the spore 
membrane after h^’^drotysis can be seen surroundmg the nucleus and cjdoplasm, 
but m hj’-drolj’-zed restmg spores of other species usually it cannot be identified, 
although it IS plainly nsible, before and after hydrolj’^sis, as soon as it is dis- 
carded by the jmung, vegetative bacillus at the end of spore germmation ” 
“Some mfonnation on the spore membrane was obtamed from electron 
micrographs of hj^drolyzed Mesentencus spores Two kmds of spores were 
seen m hydrolyzed suspensions, both a^unmetncal, m some, the asjTnmetry 
consisted merely of a slight hump m the cell's smooth and u^roken contours 
while m others it was due to a large round body with ragged fluffy outlmes and a 
much lower density than that of the mam bodj’’ of the spore from which it 
protruded The round bodj’- is the spore nucleus, and the pictures suggest that 
the spore membrane normally chugs vety tightly to the cytoplasm and that 
the nucleus, which hes underneath the spore membrane on the surface of the 
contracts lengthwise under the influence of the hydrochl acid — and 
t ereby hfts up, stretches and finally bursts through the spore membrane which, 
exc^t for the hole made m it, contmues firmly to adhere to the cytoplasm ” 
e structure of the endospore of Bacillus cereus, stram Cj, was mvestigated 
y iinaj’^si (96) It was found that “Forespores and ^mung endospores stam 
omogeneousty bj’" the Feulgen procedure but mature spores show a positive 
e or rod This was taken to mean that “the nuclear material is diffuse 
^ vegetative cell and m the young endospore, with a possible differ- 
en la ion of a nucleus durmg maturation of the spore ” The possibdity that the 
erence was due to shrinkage was also considered aluation of this con- 
c uaon m the hght of more recent knowledge will be given below Records of 
ini estigation show that the boundary of the spore and an mdefimte zone 
t^°t^ ® £1''® a positive Feulgen reaction There was no mdication 

e internal, Feulgen-positive bodj' necessanlj' occupies an extreme penph- 
^ restmg spore as claimed by Preisz (142) and Robinow (148) 

J sio ogical analj-sis (92) showed that the endospore of B mycoides, stram 
contains a relatn ety considerable quantity of a resen e material smtable as 
a source of mtrogen but not of ener©' 

erj recentlj', the structure of the endospore of B mycoides, stram Cj, was 
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mvestigated by Knaym, Baker, and Hilher (99), using the high-voltage electron 
microscope in a typical spore, one observes an opaque, central mass, the spore 
protoplasm, surrounded by two coats, of the two, the inner one is the more rigid 
and the outer one the more elastic, the latter resembles the exosponc layer of 
Lewis (114) and the elastic “capsule” observed by Ijimunna (IQG) in B 
meseniencus Differentiation of the inner coat mto e^e and mtme was not 
usually observed There was no evidence for the existence of a third, innermost 
coat which becomes the wall of the germ cell, however, such a wall can be seen 
as soon as the spore coats are spht The authors consider the possibility that 
this wall was pre-existent, but invisible, m the resting spore, however, they 
beheved more likely its formation during germination, as previously claimed 
by Preisz (143) A parallel investigation with the electron microscope (EMU), 
by Knaysi and Baker (98), m which the same orgamsm was allowed to sporulate 
m a mtrogen-free medium showed that the forespore contains from 2 to 6 nuclei 
at first grouped at the poles but later occupymg other positions This work 
confirmed the existence of a readily utihzable source of mtrogen m the spore, 
by microcheimcal tests and physiological analysis it was shown that the material 
IB ribonucleic acid diffuse throughout the cytoplasm Observation, with the 
hght microscope, of spores which used up their ribonucleic acid m the mtrogen- 
free medium but failed to germinate, confirmed the general bipolar position of 
the nuclei, central and lateral nuclei were also obsen'-ed 
Parasporal bodies Debaisieux (34, 35) observed appendages attached to the 
ends of the endospores or hehcoidal structures surrounding the endospores m 
bactena found m the mtestmes of the larvae of the dipterae Stmulium and 
Ptychopiera, or m the mtestmes of the frog Dutky (48) observed m Bacillus 
popilbae, one of the organisms which cause the milky disease of the Japanese 
beetle PopiUia japonica, "a retractile body, which is about half the size of the 
spore and possesses stammg reactions smular to those of the spore ” This 
body IS located at the broad pole of the sporangium The ongm of these para- 
sporal bodies and their significance are not yet known It is mterestmg to note, 
however, that they have heretofore been observed chiefly m entomogenous 


bactena 

Discussion A study of the hterature based on the hght microscope and 
reviewed above shows that the number of coats which surround the spore proto- 
plasm vanes, accordmg to the mvestigator, from 1 to 3 or, possibly 4 In the 
latter case there would be a shme layer, a double coat shed by most species 
durmg gennmation, and the wall of the germ cell Of the four coats, the shme 
layer and the wall of the germ cell are the most debatable What app^rs as 
a broad shme layer may well be an optical phenomenon Indeed, broad halos 
of hght are always observed around bodies suspended m a hqmd refractive 
than themselves, and this has often led to erroneous concli^ons, for instw 
the relatively broad Wlos which surround dense, mtraceUular mdi^ions, ha e 
often been considered as vacuoles, and the halo observed by Cohn (22) around 
the tactouS c” teas suspeefed ot bemg the cell wlJ 
legatduJS the nature ot the halo which auroonds the endospore is conBic i 
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Brefeld (10) considered it an optical artifact, smce it is not obsen’-ed around the 
empty coat, but Klem (82) thought it was a real structure since contiguous 
endospores neier touch one another at the coats with sharp boundaries In 
reahty, the two authors were not discussmg the same thing Stainmg of the 
free spores with Giemsa’s solution reveals a thm, famtly reddish layer around 
the spore which is distmct from the broad, bright halo surrounding the spore 
This thm reddish layer may be an mtegral part of the spore or merel}’" a film of 
residual matenal from the cytoplasm of the sporangium Certaml}’’, there is no 
broad slune layer which can be demonstrated with the electron microscope 
around the spore, free or in the sporangium A thick shme laj^er which is not 
sufficientlj’^ dense to be obser\’’ed around the free spore should, certamlj’’, be 
demonstrable m the sporangium as a transparent rmg betn een the outer spore 
coat and the cj-toplasm of the sporangium Published illustrations (99) do not 
show such a rmg 

Pre-existence, m the restmg spore, of an innermost coat which becomes the 
wall of the germ cell is not based on direct ei idence Germmation is accom- 
pamed by a considerable metabohc actmty, and it is not imhkely that the wall 
of the germ cell is formed dunng that period 
These considerations lead to the conclusion that the spore coats which have 
been demonstrated with certamtj’’ are two m number Smce the terms exme 
and mtme as used hj’’ various mvestigators do not mdicate the same structures, 

or mdicate the same properties, future use of these terms is bound to lead to 
confusion 

The hterature reviewed above shows that the views on the structure of the 
protoplasm are as varied for the spore as thej* are for the vegetative cell How- 
ever, the work of the last decade, chiefly that which used the Feulgen techmque 
or a procedure demed from it, has been consistent m demonstratmg, withm 
e protoplasm of the spore, what appears as a granule or a rod giinng color 
reactions similar to those of a nucleus Unfortunately, the significance of 
ese results is reduced by the necessity of hydrolysis and the imperfect specificity 
0 the reactions There remained the possibihty that the bodies observed were 
not c^omatm or, assummg specificity of the reactions, that they were artifacts 
"w c not pre-exist as such m the untreated spores Only recentlj’’ (98) was 
possi le to prove the existence of at least two nuclei m the forespore of Bacillus 
^jcoi cs These nuclei are at first polar, but later may occupy other positions, 
sum r picture was observed with the light microscope m spores n hich used 
up part or all of their ribonucleic acid but failed to ger mina te Such spores 
rea y without a previous treatment and show nuclei m polar and other 
posi ions Stamed by the Feulgen technique, the spores show what appears to 
e one to sei eral nuclei withm the cjiioplasm Frequently, a nucleus may be 
or may even project outside of the spore on a stengma-like 
a c ent This was not usually observed m similar matenal stamed without 
prenous hj drolysis, and we beheve that it is an artifact caused by h 3 'drol 3 ’-sis 
m germinating spores, smce such spores do not show the umformlj^ thick, Feulgen- 
osi ne rim characteristic of restmg spores, the nm is always thinnest m the 
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neighborhood of the nucleus Careful observation also shows that what often 
appears as a single granule or rod is in reality a group or a string of nuclei 
chemical treatments accompanied by alternate drying and wetting are known 
to cause the translocation of intracellular bodies (94) 

Of considerable interest is the observation (96) that the forespore and the 
young endospore of B cerem give a homogeneous Feulgen reaction, whereas 
the mature spore shows a differentiated nucleus The records from which this 
conclusion was drawn are unmistakable, but the conclusion itself is not m 
harmony with what is now established for B mymdes, and it is doubtful whether 
the difference should be attributed to a difference between the organisms in- 
vestigated It IS conceivable that the phenomenon ohserved is due to an 
autogamous process which takes place dunng maturation, more likely, hoivever, 
it IS an artifact of the Feulgen procedure It is known (89), for instance, that 
ribonucleic acid would give a positive Feulgen reaction were it not removed 
from the cell by the hydrolysis with normal HCl, and the homogeneous reaction 
given by the forespore and the young endospore may mean that the nbonucleic 
acid IS here present m a stable chemical combination not readily broken up by 
hydrolysis with HCl, and that it is spontaneously liberated during maturation 
Indeed, the difficulty with which ribonucleic acid is removed from the young, 
vegetative cell by hot water and alkalis (98) suggests that it is present in these 
ceUs m a stable combmation, m many species it is later spontaneously liberated 
and precipitates out as volutm This mteipretation is further strengthened by 
the observation (148) that stainable material is more readily removed by hy- 
drolysis from the spore than from the vegetative cell 
Therefore, it may be concluded that the resting endospore consists of a dense 
cytoplasm containmg usually two or more nuclei and a relatively large quantity 
of nbonucleic acid This cytoplasm is surrounded by a cytoplasmic membrane 
and by two coats, of which the inner one is the more rigid, the outer one the 
more elastic An idea to the degree of physical toughness of the spore coats 
may be gained from experiments reported by Curran and Evans (30) 


Cytology of formalion 

The cytological processes mvolved m the formation of the endospore have been 
the object of numerous mvestigations smee the early history of modem bac- 
teriology The considerable hterature that has accumulated lacks harmony 
both m fundamentals and in details It is needless to emphasize that a real 
diversity would be most valuable m the taxonomy of sporulating bactena, but 
there is more than a mere suspicion that the reported differences are often more 
charactenstic of the investigator than of the organism mvestigated, and it is 
possible, by a ngorous cntical analysis, to reach the conctoon that the e°aosp^ 
is formed by a senes of cytological processes which are fundamentally the sam 

90) under three headmgs a, growth of a granule, b, a^ega ion ^ ’ 

c, condensation of the protoplasm This classification will also be follow ed here 
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a Growth of a granule Under this heading we include all methods m which 
the endospore is said to result from the growth of a granule already present m 
the cell or of one which appears at the time of sporulation, but not m an especially 
difEerentiated part of the protoplasm, whether its growth takes place at the 
expense of the cytoplasm, of cjdoplasmic mclusions, or of both 
According to Cohn (23), when the threads of B subiihs are ready to sporulato, 
there appear m their homogeneous content lughlj’- refnngent, small bodies each 
of which develops mto an oblong, or a cyhndrical, highly refnngent spore with 
a dark contour Descnbmg the process m B aiithracis, Koch (104) stated that, 
previous to sporulation, the content of the most Augorously growmg threads 
becomes finely granulated, and there appear at regular mtervals, small, shmy 
granules which, after a few hours, enlarge mto the strongly refractive, rounded 
spores As observed by De Baiy (36) m B megathenvm, sporulation is mitiated 
by the appearance of small, round, highly refractive granules arranged along 
the penphery of the protoplasm This is followed bj’' the appearance of a small, 
round, highly refractive body near one of the extremities of the cell, one gams 
the impression that this bodj’’ is the result of growth of one of the granules 
mentioned above The body then grows perceptiblj’' larger while the proto- 
plasm around it di minis hes In the course of a few hours, it grows mto an 
elongated, cyhndncal object which is shown by subsequent beha\nor to be a 
^ore Ernst (58, 59) studied the process of sporulation m organisms from 
boiled hay infusion The cells contain each from 2 to 6 “sporogenous granules” 
which stam blue-black with warm, alkahne meth 3 dene blue, and violet-black 
with Delafield’s hematoxyhn One of these granules grows, gets differentiated 
mto a coat and a nucleus, and becomes a spore 
Schaudmn (154) studied a marme organism, Bacillus sporonema The vege- 
ative cells of this organism are said to divide by constnction and to be sparingly 
gran^ted except m old cells preparmg to sporulate Sporulation is mitiated 
y e appearance of a constnction m the middle of the cell After 3 to 4 hours 
ere appears m the constncted part of the ceU a small, sphencal body which 
® ges gradually , this body is less refractde than the granules of the cytoplasm 
^ pves the impression of bemg a vacuole However, it stains dark with 
won ematoxyhn and retains the stam after the entire protoplasm has been 
CO onzed This, Schaudmn calls the forespore As this forespore grows, 
^ e granules distributed m the protoplasm become less refractile and gradually 
^sappear, the process proceedmg from the poles of the cell toward its middle 
m*th granules was obsen'^ed This is followed bj’’ an alteration 

s ^ f ^ spmdle-hke body consistmg of three swollen parts 

tCpara e y tivo constnctions, and then by a penod of about one hour m which 
thmner^^ of the spmdles grow m opposite sense mto long threads, becommg 
ref elongate The forespore contmues to enlarge, becomes more 

rac 1 e, and one observes at its surface a sharp, dark hne The mature spore 
^ that no details can be seen inside of it 

sum r method was also described by Guilhermond (70) for Bacilliis 
tcosus, mycoides, and several other members of the genus Bacillus (B 
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subiats B abei, B astcro^orus, B iumescens, and B hmosus). 
the culture is about 24 hours old, the alveolar cytoplasm of the cells 
^ntams a ^e number of small granules situated at the knots of the network 
these could be considered chromatic granules or chromidia Sometunes these 
^anules are more concentrated m the axial region and present the appearance 
o a spual chaplet At the time of spomlation, one observes near one of the 
po es, a sm a ll granule, visible m the hvmg cell and resembling a vacuole At 
n^, this granule has an irregular contour but later becomes sphencal It has 
all the characters of a nucleus, stammg dark red with safranine and black with 
iron hematoxyhn The cjrtoplasm becomes more and more acidophiho The 
granule enlarges, assumes an oval shape, surrounds itself with a membrane 
which, as it becomes denser, opposes the penetration of dyes At this time, 
the spore can not be stamed by ordinary means, only its membrane stains 
bghtly The spore surrounds itself by a very stamable, amorphous mass which 
appears to result from the condensation of the unutihzed cytoplasm around the 
spore During the development of the spore, the cytopla^ remains granular 
Therefore, the spore does not appear to result from the condensation of the 
cytoplasmic granules but, at most, of a portion of these granules Indeed, a 
large part of these granules persists durmg the formation of the spore The 
spore contmues to grow at the expense of the portion of the cytoplasm which 
had not been used up by the forespore 

Although the process described by Guilhennond (70) and that described 
by Sehaudum (154) for B sporonerm are similar m that both assume the growth 
of a nucleus-like granule, they are distmct m that Guilhennond considers that 
growth takes place chiefly at the expense of the cytoplasm and, possibly, at the 
expense of a portion of chrormdia lymg m the cytoplasm, whereas m the case of 
B spormema the nucleus-hke granule is said to grow at the expense of more 
refractile, cytoplasmic granules which completely disappear dunng the forma- 
tion of the spore However, a further statement by Guilhermond that, "d&s 
I’appantion de I’^bauche de la spore, le cytoplasme perd peu S. peu scs granules 
chromatiques” suggests that the two methods may not be fundamentally 
different 

We also classify here the process observed by Dobell (46) m Bacillus spirogyra 
and Bacilhis Imula, two orgamsms found in the brge mtestme of frogs and toads 
In B spiTogyra, the vegetative cell is said to contain a spiral filament of chro- 
matm which runs from end to end “A large mdividual divides into tw^ 
the ordmary way— the chromatm filament being the first to divide The 
daughter-cells produced by this division separate and undergo a certain amount 
of growth, though they nei er reach the size of the 'parent’ ceU from which they 
were formed Inside the cell the filament is seen to con^ of comparatnely 
few turns, and frequently displays a slight knob at one or both en^ One end 
of the filament now begins to enlarge-apparent y at the W of he 
of the Bpiral-so that a large nucleus-ld.e mass is formed at one end of 

Up to tos stage this body-the spore rudiment-^ IT'f LS is sS^ed a 
with Giemsa’s stam But a little later it changes its reaction, and is stamed 
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bnght blue This is owing to the formation of the spore membrane As 
the membrane hardens the spore gradually stains less and less — until, finally, 
it refuses to stam at aU It must be noted that a part of the filament 
persists outside the spore until quite a late stage, and breaks up uath the rest 
of the cell ” Occasionally the large, ongmal cell fails to dmde completely, 
“and each of the small daughter mdividuals had developed spore rudiments 
whilst still attached to one another ” 

In B lunula, sporulation takes place as m 5 spyrogyra, except that about 
half of the sporangia contam two spores each as a result of failure to dixude 
completely 

Growth from a single granule was recentl 3 ’’ described bj’^ Hoyt (78) m the 
anaerobic Clostridium seplicum “The change from a sohd-staimng granule to 
a spore apparently involved a swelhng of the granule followed bj’’ clearmg of its 
central portion, — the end result bemg a tj’^pical refractile spore with a deeply 
stammg circumference ” He adds “We can not saj*, however, that this is 
the onl}"^ mec h a nism of endospore-formation in Cl seplicum ” 
b Aggregation or fusion of granules Tins includes the methods m which 
granules, usually of chromatm, %usible with the light microscope and ongmaUy 
distnbuted throughout the cj^oplasm migrate to a definite region where they 
fuse together, are surrounded by a membrane, and become the spore 
Bunge (14) severely cnticized Ernst (58, 59) for the sporogenous role he 
attnbuted to his granules, smce these may be present m nonsporeforming bac- 
teria and be absent m tjqncal spore formers such as B anlhracts and 
B megatherium Accordmg to Bunge, spoies are formed from material char- 
actenzed by its resistance to staimng This matenal appears m the form of 
graimles m the bacterial protoplasm and grows bj’’ confluence and apposition 
to the size of the spore 

Burchard (15), referrmg to B petrosehni, stated that it sporulates bj’’ fonmng 
6S which later fuse, a process also obsen'’ed m B subtilis Migula (124) 
escn e a similar process m B asterosporus and considered the fusion of granules 
niethod by which most bactena sporulate, although he had previously 
) expressed a similar op>mon about growth from a smgle granule at the 
ex-pense of C3i;oplasmic mclusions 

(1531 fiowever, receives its chief support from the work of Schaudinn 

of the^^ octIZks biitschlii When one isolates, m a droplet of mtestmal juice 
tlip oiich, a coarsely granulated rod, one observes m about 30 mmutes 

case of ^ shmy granule m the middle of the cell As m the 

40 miniii^^^ di\Tsion, this gianule becomes broader and grows m 20 to 

refrartivp ^ ^ cross-waU After 1 to 2 hours, the cross-waU becomes less 

motion of '^PP^ars completely m about half of an hour Then one notices 
hour th • f m protoplasmic streams In about a quarter to a half 

cell mo f granules mcreases The granules at the center of the 

honrl^f ^ sense to those at the penphery In about a half to 

me wbinV. ° subsides and is replaced by an irregular, slow stream- 

results, m about a half hour, m the arrangement of the granules m the 
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mddle of the cell mto a zigzag band which stretches from pole to pole Smml 
toeouely, the granules begm to gather at both poles, this marks the hegmmnc 
of spore formation Withm the next half to 1 hour, the forespore grows at the 
expense of the band which becomes gradually narrower and shorter The 
young forespore is sharply delimited and resembles the alveolar nucleus of many 
protozoan cells When it becomes thnce as long as wide, it begins to contract 
the contraction causmg loss of the alveolar fluid The granules come closer 
and finally fuse together Because of the loss of fluid, the forespore moves from 
its polar position toward the middle of the cell It becomes smaller but more 
highly refractive and more stainable than before The net-like structure 
becomes mvisible m the hvmg state, and the forespore less and less stainable, its 
outbne becomes sharper and darker ’ 

The hght alveoh which durmg contraction surrounded the foresporc with 
a regular alveolar seam now gradually lose then content, and the substance 
of the alveolar walls becomes more refractive, formmg around the shiny fore- 
spore a homogeneous, weakly stainable zone The outer boundary of this zone 
condenses mto a strongly refractive membrane with a double contour As this 
membrane is formed, one observes a thickemng of the alveolar cell substance 
at the proximal poles of both spores This matenal serves for the formation 
of a second coat which surrounds the spore except for a zone at the outer pole 
where the germ cell will emerge Flagellar motion stops at the tune the fore- 
spore becomes surrounded with the first membrane, sometunes sooner Oc- 
casionally, one observes weak motion of a cell with fully npe spores 
Dobell (46) described a similar process m Bacillus fierilts, an oigamsm found 
m the large mtestme of frogs and toads "A large mdividual, contaming numer- 
ous chromatm granules, almost divides itself mto two equal daughter cells 
The division is not completed, smd subsequently all trace of it disappears 
The granules now arrange themselves m the form of an irregular spiral, and at 
the same time begm to travel to opposite poles and mass themselves together 
to form the spore-rudiments Round these is formed a spore membrane, which 
gradually hardens and so gives use to the completed resistant spore The 
remains of the cell, mcludmg a part of the chromatm spiral, perish ” 

c Condemalton of the protoplasm Under this headmg we include those 
methods m which the endospore is said to be mitiated by the sudden appearance, 
m a previously differentiated part of the protoplasm, of a prunordium or of 
a forespore with dnnensions exceedmg, equalling, or sbghtly below those of the 
mature spore Use of the term condensation was cnticized by Lewis (114) 
who refernng to the spore prunordium, wrote “The contents contmue to m- 
creak m deiisity after the membrane has formed It seems improper, thorc- 
fore, to speak of the prunordium as a structure formed by conde^tion of 
matenal The greater density is not due to a mere aggre^tion of 
formed elsewhere but to a greater capacity to form new substance We are 
unable to share Lewis’ view because condensation “ 

density regardless of the means by which it is accomplished The mechanism 

of mcrease m density will be discussed below 
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TB. method ™ desc*ed by <“> t 

bon of endospore m B si*hl.s J ^tmcl ns the surroimdmg 

of the cell, of n dark shadow which , „( (he cell gathered m one 

part of the cell becomes lighter, os process of gathenng of the ceU 

place This place becomes the spore refractive nodule within 

^stance ends The spore appears as “ m retE«SS5= but 

the mat contour of the ceU Accordmgly *““ “ 

no mcrease m size durmg the developmcn ot/K^na, inclu^fe. 

Studying the process of sporulation (1^ 

suhiiln, B anthracis, B megathenuvi on . ^‘t^Q^ofthe’cellconte^'n 
arrived at the conclusion that it consists first o andsuKOundwtselSj 

into a smaller space where the mass become n'hiTGonsistmg of two layers,^ | 
mth a firm, smooth, unstamable (S2d.aiQtlie-fol^wmr / 

Sporulation by contraction was abo descri BXmnvs, JB 

members of the genus Bacillus B solmsn, th^Srn^T'e as to be 

niocrosponb.nndB Imoane Th= cell swells where the\^g 

The plasma of the swoUen part as^es a does 

the cell wall, and assumes the bean-hke shape of the P nutntion of the 

the endospore acquire its by the author, smee before 

spore durmg contraction is not considered y nonsporeformmg 

sporulation tho cell is divided mto a cpo«lorn^i a no^^o^^^ 

part On the other hand, nutrition of the c™*™*®/’ . ,5 formed 

able The author is imcertam of the stage m whi e sporangnun 

He observed no turbidity of the protoplasm durmg sporutabon, the sporangi 

remains h 3 alme and ahve, smee it from sour dough, 

Peters (134), describmg sporulation m a BacllusB ^ ,, large 

states that at the time of sporulation there appe 

number of fine granules This is followed by ’ll (^th the 

the cell, of a protoplasmic bndge, more refractive th^ o er (Jjmen- 

exception of the granules) In this bndge appears e spore ^jg^elop- 

sions as the mature spore, but with a poorly dehnmte ou e membrane 

ment consists of an mcrease m the refrmgence and the toT^ules, 

Even as the spore makes its appearance, one observes amo snore one or 

at the end of the sporangium opposite to the one ^on g^oj-e finally, one 

several larger granules which mcrease m refrmgence wi snore *with one or 
may see in a barely visible rod the strongly refra^ve, liowever, are 

several strongly rrfractive, sphencal granules These granules, Howe er, 

not viflblG _ f;ii 6 Hitcstiiiss of 

Erenzel (63) described sporulation m green bacteria fo^ m nucleus,” 

tadpoles, m which he beheved to demonstrate a central boay oj 

resembhng what other mvestigators call forespore, su nucleus” may 

the central body and develops mto a spore Sometm^ dispone sporangia 
Jvide by cooctnebon, ttas rezults m the Se zporea 

Frenzel desenbes a hi^y refractive halo or a P Ktndied by Frenzel are 

It must be stated at this pomt that the “green bacteria 
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probably not true bactena but blue-green algae smular to the species of Oscillo- 
^tra studied by Delaporte (38, 40) which are also present in the intestines of the 
tadpole (see below) 

Meyer (120, 121) investigated the process of sporulation in B astcrosponis B 
tumescens, B sxiblilts, and Granulobader In the potential sporangium, granules 
of inclusions appear and are uniformly distributed throughout the cell Spore 
formation is initiated by the appearance of a spore vacuole which is at first much 
less refractive than the surroundmg cjinplasm This \ acuole expands, pushing 
away the trophic plasma and the mclusions until the mclusion-frec part of the 
cell is almost as long as the complete spore At the same time, the spore vacuole 
becomes more and more refrmgent than the trophic C 3 dopIasm m which he the 
granules At this stage, the sporangium is dnuded mto two parts, the fertile 
part and the trophic part The fertile part consists of the spore vacuole and the 
surroundmg cytoplasm The fertile part stams homogeneously with fuchsin, 
although the spore vacuole coijtams cell sap va6uoles A nucleus can be seen 
enclosed m the spore vacuole Soon this vacuole becomes more clearly separated 
from the surroundmg fertile C 3 d;oplasm This is the forespore, it becomes more 
refraetde and fonns a membrane which finally becomes pointed at the ends 
Preisz (142), studying B anthraas and Closindium ietam, divides the process 
of sporulation into three stages 1, formation of the “Sporenanlage” or spore 
pnmordium, £, formation of the forespore, S, formation of the spore 
Formation of the spore pnmordttim is initiated by the appearance, near one 
pole, of a sickle-Iike, polar cap which stams strongly with basic fuchsin This 
structure seems to be formed by the outermost layer of the protoplasm At this 
stage, the cell usually contains several light, unstamed granules, the acid-fast 
bodies Near the cap of chromatic substance one often observes a round, some- 
times elongated, strongly stamed nucleus The spore pnmordium and the 
nucleus are separated from the sterile part of the cell by a chromatic cross plate 
which gives it a biconvex, plano-convex, or concavo-convex shape This is 
followed by the appearance, at the place of the cross diaphragm, of a thin, sharp 
bne At t.Vna stage, the pnmordium has the same thickness as the cell but is 
I to J as long It now appears m the fertile part of the cell as a slightly flattened 
or regularly sphencal structure which often stains more deeply than the rest of 
the cell, and m which no chromatic substance can be demonstrated other than a 
darkly stammg granule iymg at the edge and often appeanng to be m the con- 
tour hne The pnmordium grows in length until this exceeds the length of the 
mature spore and, as it grows, it separates from the waU of the mother cell and 
moves toward the center At this stage, its contour is clear-cut and m fine as 
that of the mother cell, but stams with aqueous fuebsm stronger than the latter. 
Its content, with the exception of the le^s frequently observed nucleus, « homo, 
geneous and stems more deeply than the surroundmg cell pl^ On the 
£nd, It stams with dilute methylene blue solutions as do the germinatiDg 
and the germ cell, i e , the outermost layer and the center stem more ^^e^ply t 
the rest of its content However, the dark center is not identical wi 

fuchsm-stamed granule 
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When the pnmordium completes its groniih, it becomes the forespore The 
forespore is often surroimded by a hght, unstamed meniscus 'which, Preisz be- 
heves, is due to shrinkage of the forespore protoplasm 
The change from forespore to spore consists of the differentiation of the con- 
tent of the forespore The nucleus-hke bod}’’ which stains strongly’’ mth dilute 
fuchsm is no more lusible, it appears as if it dissolved m the content of the fore- 
. spore In the center appears an elongated, oval structure the ■width of which 
IS one-third to two-thirds that of the forespore This structure belongs to the 
final spore and is called the young spore, around it, the outermost structure of 
the forespore appears as a halo At first, the young spore stains more deeply 
than its halo, later, however, it loses its stainabihty and graduall 3 ’’ becomes more 
refrmgent, simultaneously, its outhne becomes more clear-cut and, after matur- 
mg of the spore, becomes ^’’ello'wish or bro'wnish The halo shrinks mto the 
^ore coat As a rule, the shrinkage is not uniform, and one sees at one, or at 
each, pole of the spore a crescent-hke cap The work of Preisz is reported m 
detail chiefl}’- because of the influence it has exerted on subsequent students of 
the endospore 

Georgevitch (65) described spore formation m two strains of Bacillus ihermo- 
philus as^foUows A penod of vegetative growth is followed by the appearance 
0 Bunge s granules m the C3’toplasm, then a cross-septum is formed near one of 
e poles, thus di'ndmg the ceU mto two imequal parts, sometimes this septum is 
ormed •within the cun’'ed part of the ceU end A certam number of granules 
are now seen m the cjAioplasm, lying against the lateral wall Between these 
^nules one sees certam ones which are larger and which stam more deeply, 
0 0 these granules he near a pole, the rest near the middle of the cell These 
^an es become larger by condensation of chromatic material and finally umte 
0 orm a cross-septum which di'vides the cell mto two unequal parts At first 
sep um is plane, but later becomes convex The edge of this septum ad- 
° 1 , ? lateral wall of the cell gro'ws lengthwise, and it is probable that this 
of*^^ ^ ® granules which he against the lateral wall Contmuation 

fonnati^'^^f^ ^ccompamed by deposition of chromatic material results m the 
forest! ^ vesicle, the forespore The two chromatic granules present m the 
cance onh probably absorbed by the cytoplasm The signifi- 

and mov ^ granules is not understood The forespore then gro'ws length'wise 
and its outli stenle pole At first, the wall of the forespore is thick 

At this sta ®fiarp, later, however, it becomes thm and sharph’’ dehmited 

granules aS ® ^orespore has attamed its normal size and form, and chromatic 
plasm along a curved hne are formed m its hghtly st ainin g proto- 


around a n observed that the spores of B mycoides are always formed 
region surr'^*^ begmnmg, the 

dissolved an^ nucleus is nch m a volutm-hke material, but this is later 

the 1 olutm reactio bigger and more stamable body which does not give 

hnstian (20) described spore formation, m an organism which causes spoilage 
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of commercially heated milk, as follows “After thirty-sK to forty-eight hours' 
incubation a characteristic stage may be observed m which an unstained area 
IS lymg towards one end of each ceU, cutting off and isolatmg a defimte tenninal 
part of the cell contents This terminal portion is the potential spore and its 
position is fixed at this stage of the development The remamder of the cell 
contents, meanwhile, have shown defimte signs of contraction and finally con- 
dense to form a second body, which we have called the ‘secondary granule’ m 
order to distmguish it from the terminal or ‘spore granule’ At a slightlj 
later stage the position of the ‘secondary granule’ is seen to vary somewhat m 
different cells In a defimte proportion of the cases, however, it is oval or lens- 
shaped and hes closely adjacent to the ‘terminal granule’ Whether there is 
any actual contact between them has not yet been established, but it is of mtcrcsl 
to note that it is m such cells that the first mdication of a spore wall is visible, 
and that as soon as this wall begins to form, the stammg and refractive proper 
ties of the 'spore granule’ become those of a true spore The fate of the ‘second 
ary granule’ is uncertam, but it would seem from careful observations that, bar- 
ing played some part m the development of the spore, it disperses throughout the 
body of the mother cell, which then resumes its ordinary staining capacitj’ 

The first mcontrovertible description of sporulation by condensation of the 
protoplasm was made by Bayne-Jones and Petnih (5) who used cinematography 
to record their observations on B megathemm “As the culture becomes older, 
round granules of vanous sizes become very numerous in the cells There is 
no evidence of a streammg of granules to mdicate a flowing of the protoplasm 
In some cells, granules half as large as a mature spore appear and become sur- 
rounded by a clear zone Two of these large granules may appear in a single 
cell They have no connection with the fonnation of the spore, since they 
remam as granules m the cell after the development of the spore 
multiphcation has stopped m most of the cells and when growth is continuing 
only slowly m others, the ends of the rods begm to lose their granules by 
displacement of the granules from that region and not by a hquefaction or fusion 
of the granules previously visible there, or by the growth of a special grannie m 
this area The clear area at the end of the ceU fluctuates m size and gradoaly 
comes to occupy a cyhndncal volume equal to approximately one-quarter of e 
volume of the cell The matenal m this cleared area appears to be denser than 
the rest of the protoplasm of the cell Granules m violent motion m the remain 
der of the ceU strike against the edge of this cleared area but never penetrate i 
This large cleared area is the region m which the spore appears " . r ^ 

“The clear area at the end of the ceU keeps a roughly cyhndncal form o 
three to four hours Its density mcreases gradually and it gradually as^cs ^ 
almost sphencal shape The rest of the process is finished withm the nc 
thirty mmutes A stage which we have called the ‘prespore’ app^ as ® 
retractile region m this cleared area at the end of the ceU Its volume is 
thpn that of the ongmal clear area but often twice that of the final spore 
SIX to twelve mmutes, this nearly sphencal ‘prespore’ contracts to an 
eUipsoid and has a density as judged by its refractile property, as grea 
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the mature spore Withm sl\ minutes or less, tins elongated elhpsoidal spore 
contracts to the somewhat shorter, but apparent!}’’ no broader elhpsoidal spore, 
characteristic of this organism ” 

“Durmg these tenmnal stages of spore-formation and after the de\ elopment 
of the spore, the movement of the granules becomes less and less m the remammg 
protoplasm of the cell Nevertheless, some of the granules may now pass mto 
the area near the end of the cell, along the side of the spore, mto a region that 
was too dense to adnut them before contraction of the sporogenous area We 
have not seen the development of a membrane around the material of the spore ” 

“The volumes of the cells contammg endospores \ aned from G 9 to 12 5 cubic 
imera The volumes of the contamed spores v ere 0 55 to 0 97 cubic micron, 
■with an average of 0 84 cubic micron The average ratio of spore volume to 
cell volume was 0 09 But this average obscures some considerable differences 
m this ratio, which vaned from 0 06 to 0 13 ” Here belongs also the method 

escribed by Badian (3) for B siiblths and B mycoides, and later (4) for B 

megathenum Details of the c}'tological processes mvolved will be reported and 
discussed m a later section 


e 0 sedations of Lewis (114) on B mycoides are as follows “The first 
° formation to be noted m the hinng unstamed cells is the clear 
of prmordium The granules are locahzed m the nonfertde segment 

format ^ seems to be no e'vidence that they play any direct part m 

lono thepnmordium There IS no retractile sporogenous granule present 
contents and no evidence of shrmkage or plasmolysis of the cell 


the inate^ of the proper age is exammed m dilute fuchsm solution, 

cell has beenTiSr ^erentiated by its greater stammg capacity The 

further develonm T distmct areas, a fertile portion destmed to 

resen’e nutntive ^ ^ reproductive structure and a sterile portion contammg 

There is no conel further divisions and destmed to die 

Pnmordium is dii^I^ ®^dence that the deeper stammg capacity of the spore 

except for a smelp H ° difference of chromatic matenal The material, 

appearance of umfn granule which is not always nsible, has eveiy 

formation are sunila + cytoplasm The earhest stages of membrane 

membrane extend-, ^'i i ^ ^®scribed by Preisz, (1904), for B anthracis The 

ffmi layer of evtn fdie extreme end of the rod, enclosmg all but a 

contmue to merm-f ^ against the ongmal ceU wall The contents 

“Just precedine-^d^ ensity after the membrane has formed ” 

become quite dent ^be vorspore the pnmordium has 

^011 Different! deeply with dilute fuchsm or gentian nolet solu- 

condensation In t pnmordium ap^iears to be a true process of 

while the pennbpt- ^'^'^ bvmg material, a central refractive body forms 

^ute gentian noW ^ ®fcar hyahne zone When stamed mtaUy with 

zone surroundma !i->^^^°^^^^« young is more deeply stamed than the 

"uid exosponum to. . ? differentiated zones are caUed endosponum 
> respectively 
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At time of the differentmtion. the endosponum is about § the diameter 
of the fore^ore and resembles m sme and shape the npe spore The exosponum 
BtaiM with aqueous dyes more deeply than the ceU protoplasm and 13 cram- 

r XU invanably moves from its polar position toward the 

mddle of the ceU The exosponum becomes elongated forming a cylindncal 
body which is longer than the endosponum but only slightly greater m diameter 
It retains its stainmg capacity and appears in the form of large, deeply staining 
hemisphencal bodies at the ends of the endosponum The spore wall is formed 
between the endosponum and the exosponum and not, as Preisz believed, by 
shrinkage of the exosponc layer The granules dimmish in number dunng the 
iipenmg of the spore and are generally absent m old sporangia, either becausa 
they are used up m the process of ripening or by the mother cell m its own meta- 
bohc processes 

Delaporte (38-40) studied endospore formation in the cyanopbyceae OsciJb- 
spira guilliermondt and Oscdlospira batrachorum as well as m Spinilum praech- 
rum and other large bacteria found m the mtestmes of the tadpole In Osctllch 
sptra guifliermondi, the spore is formed by long cells inside of the central body 
The young spore stams intensely with Lugol’s solution and, for a tune, remains 
surrounded by a thin layer of glycogen wbch later disappears It stams mtenscly 
with iron-hematoxylm, methylene blue and safranm, and is surrounded by on 
unstamed, thm layer, this layer is itself surrounded by a chromatic, irregular 
pellicle which is a residue of the central body, and which is subsequently ab- 
sorbed by the spore As the spore elongates, it loses its chromaticity Before 
matimty, it often shows small, mtemal, siderophihc granules arranged like a 
chaplet, these grams give a positive Feulgen reaction even m the mature, un* 
stamable spore 

In Spirillum praedartm, the vegetative cell has, accordmg to Delaporte, 
a long, chromatm-contammg axial fikunent Before spore formation, one 
observes a difference of chromaticity between the two halves of the cell, m 
one-half the axial filament contams more chromatm, and the cytoplasm stams 
more strongly with eiythrosin, than m the other The forespore is formed m 
the more chromatic half The chromatic substance gathers m the center of the 
oval forespore m the form of a smuous filament or a crown Around the fore- 
spore, there is accumulation of siderophihc substances which are later assimilated 
by the spore together with the rest of the axial filament In contrast with the 
endospores of other bactena, the mature spore of B praeclarum remains strongly 
stamable with eiythrosm Spore formation m the other large bactena found m 
the mtestmes of the tadpole takes place m a generally similar manner Tha 
method differe from the one descnTied by Dobell (46), for Baallvs and 

B lunvla, m that the chromatic substance does not constitute the entire fore- 
spore as it is said to do m Dobell s or gan i sm s 

Roberts (145) desorbed sporulation m region 

snore is formed m a granule-free region at one pole of the ceU Wis rc^m 

rapidly enlarges until it occupies about half of the ceU volume , 

dyes than the rest of the cell, and appears clear when mounted 
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in lodme m contrast to the reddish brown color assumed by the granulose- 
containmg, sterile portion of the cell This suggests that the material from 
which the spore is formed aggregates m the sporogenous region by the migration 
of certam basophihc ceU constituents Obsenmtions on factors influencmg spore 
formation suggest that imtiation of the process of sporulation may depend on a 
lowenng of protoplasmic viscosity 

The process of sporulation m Bacillus cereus was recently studied by Rnaysi 
(97) The organism was grown m imcrocultures more suitable than those used 
by previous mvestigators In addition to mtensive, direct, obserimtions, senal 
photographs were made at regular mtenmls The process was divided into 
three stages, the preparatory stage, the forespore stage, and the maturation 
stage The fundamental process durmg the preparatory stage is the differ- 
entiation of the cell mto a dense, fertile part and a less dense, stenle part Al- 
though sporulation can take place m mclusion-free cells (94), hpoprotem m- 
clusions are usually present and move, durmg this stage, to the stenle part of the 
ceU 


“The first evidence of a forespore is the sudden appearance, m the hyahn, 
mclusion-free part of the sporangium, of a famt, eUiptical contour which almost 
touches the cytoplasmic membrane of the sporangium This contour Ime 
represents the mtersection of a thm, eUipsoidal envelope with a plane contammg 
the long axis of that envelope and normal to the axis of the microscope This 
envelope consists of material similar m composition to that of the cytoplasmic 
membrane It appears in siiu At first, the material withm and without the 
envelope has the same refractive mdex and the outhne of the envelope is 
very diflacult to see without staimng, but the refractive mdex withm the envelope 


rises rapidly, so that, usuaUy withm 10 mmutes, the forespore becomes a highly 
refnngent body There is not the shghtest evidence for the contention of 
Meyer (120-122) that the forespore contains a relatively huge vacuole ” 

Durmg maturation, “the forespore undergoes changes m form and size It 
decreases m width with httle or no change m length, thus assuming a more 
slender form and smaUer volume , it becomes the endospore ” After a 
period of a few hours, “the mclusions begm to dismtegrate but the sporangium 
often breaks up before this dismtegration is complete, and the mclusions, or 
t eu residue, are hberated mto the medium ” The ratio between volume of 
t e spore and volume of the sporangium varied between 0 11 and 0 14, that 
etween volume of the endospore and volume of the forespore varied between 
^ study of the development of the spore coat was made 

Although the process of maturation still reqmres further mvestigation, con- 
si erable elucidation of the earher stages resulted from recent studies by Knaysi 
and Baker (9S) of Bacillus mycoidcs with the electron tmcroscope When 
t oroughly washed spores are hea\Tly moculated mto a medium contammg 
g ucose and sodium acetate but no mtrogen source, thej’’ germinate and the 
orpinism is able to complete its life cycle The transparence of the cells makes 
o seivation of the mtemal structure and its behavior easy, and one can see 
orespores at different stages of development A forespore seems to be formed 
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m the foUowmg ^er The nuclei of the ceU which is ready to sponilatc. 2 to 
6 in number gafe mto two groups of 1 to 3 nuclei each The distance between 
the distal ends of the groups is equal to the length of a spore One then obseri'cs 
an area of^nu-elhptical outhne, and denser than the cytoplasm of the mother 
ceU, grow from one group toward the other, the two areas finaUy merge mto one 
^d, together with the nuclei now occupymg polar positions, form the foresporc 
The forespore gradually mcreases m density, and some of the nuclei may now 
occupy other positions m the forespore The details of transition from fore- 
spore to mature spore were not observed Knaysi et al (99) did not observe, in 
B myandea, a difference m opacity to electrons between the cytoplasm sur- 
roundmg the spore and that m the “sterile part” of the sporangium 
Discussion A study of the hterature reviewed above shows how difficult it is 
to classify the reported methods of endospore formation Only by overlookmg 
detaJs and definmg the methods m the manner we did has it been possible to 
ffiad some order m what appeared to be a chaos In certam cases, mechamcal 
adherence to defimtion leads us to classify m one method what we formerly 
(87, 90) classified m another For instance, spore formation m B sporonma 
(154) IB said to take place by growth of a body at the e'qiense of granules present 
m the cjdoplasm, formerly, we had mterpreted this as condensation, m this 
review the method is classified imder growth of a smgle granule The departure 
13 justified by the possibihty that the material of the cytoplasmic granules may 
not have caused growth by direct opposition of its dissolved molecules, but 
these molecules may have been used up to furnish energy and some matermf 
for growth The same apphes to the method described by Guilhermond (70) 

The question now is whether or not there are three different wajs by which 
bacteria may form endospores An affirmative answer would, indeed, be taxo- 
nonucally desirable Unfortunately, no categorical answer can yet be given 
to this question, smee a categorical answer requires remvestigation of many 
sporeformmg bacteria However, critical analysis of the hterature and recent 
knowledge enable us to anticipate a negative answer, i e , that bacteria do not 
form endospores m three different ways It may be recalled that the same 
organism, eg ,B auUilis, B megalhenum,‘B cmlhracis, or B myemdes are said to 
sporulate m one way by one author and m an entirely different way by another 
Could this be due to differences m strains or mvestigators? It does not appear 
likely that Meyer (120) and IMigula (124) mvestigated two different strains of 
B asferosporus In certam cases, (78) however, it is possible to show that what 
has been considered a granule may well have been a forespore in the usual scdk 
E ndospore formation takes place when growth m the culture has practically 
ceased Its suddenness, its sensitivity to the environment, and the usual 
presence of mclusions m cells ready to sporulate make accurate ob^mt.on 
extremely difficult Only by frequent observation and exact recording o changes 
takmg place m tie same celb ope be certam ol »' ''“1 

Pholirephic recorimg is pot a IpxTO but a necessity Wheacyer the pro^ 
rUpoSition was thus myestigatcd, it ivas lound to take place 
of a foresporc which appeals suddenly with duncasions greater than those 

completed spore 
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The work of Kna 3 ''Bi and Baker (98) in which the role of the nuclei in the 
formation of the forespore was demonstrated suggests that there is no sharp 
hne of distmction between what we called sporulation bj’- condensation of the 
protoplasm and sporulation by the aggregation of granules The difference may 
be m the number of nuclei which take part m the formation of the forespore 

Germination of the endospore 

Descnbmg spore genmnation m B suhtilis, Cohn (23) stated that the spore 
swells somewhat and pushes, at one end, a short germ tube The strongly 
refractive body of the spore soon disappears, at this stage the germ tube re- 
sembles a short rod which begins to move and divides, elongatmg mto a thread 
Koch (104) descnbed the spore germination of B anthraas and, with Cohn’s 
help, illustrated the hfe histoiy of that organism Under high magnification, 
the spore appears oval and imbedded m a spherical, transparent mass m the form 
of a narrow rmg This mass loses its sphencal shape and elongates m the 
direction of the long axis The spore (meamng the shmy bod}’") remains at the 
pole of the now cyhndncal mass, at the same tune it begins to lose its refractinty, 
becomes smaller, breaks up mto several parts, and finally disappears 

Durmg the foUowmg thirt 5 ’--two years, spore germination was the object of a 
number of mvestigations concerned chiefliy with changes m gross morphology, 
behavior of the spore coat, and apphcation to taxonomy It was found that 
genmnation always begins by swelhng of the spore and decrease m refrmgence 
The extent of this change vanes with the organism At this stage, the perme- 
abihty of the spore coat becomes similar to that of the vegetative cell (69, 70) 
In the majonty of sporeformmg bactena, this stage is followed by burstmg of 
the spore coat and emergence of the germ ceU In other bactena, no coat is 
shed, it IS either absorbed or gelatmized and dissolved, m such organisms some- 
times a fragment of the coat remains tightly adherent to the end of the germ ceU 
In the group that sheds a coat, the coat may burst at the pole (polar genmnation) 
or laterally (usuaUj’- caUed equatorial germination) The coat may be shed 
nnmediatety or may remam attached to the end of the vegetative ceU for many 
generations 

Variation m the mode of genmnation was obser\''ed Among organisms with 
polar genmnation, there are some m which bipolar genmnation may be frequent 
(83, 168, 67), or may predominate (15) Lateral variation was observed m 
organisms said to have equatorial germination (69) In Bacillus loxosus (15), 
t e coat is regularly punctured between the pole and the equator Polar and 
teral genmnations were observed m Bacillus brassicae (140) and B suitilis (67) 
ccordmg to IMigula (125), sheddmg or absorption of the coat m B anthracis 
depend on the medium 

The 1 alue of the mode of germination m the taxonomy of the sporefonmng 
actena has been a subject of debate Burchard (15) exaggerated its constancy 
and considered it the best taxonomic cntenon, Caspan (19) found httle con- 
stancy m the organisms studied by Burchard, a more reasonable attitude was 
ta 'en b\ Gottheil (67) who stated “IMy mvestigations have shown that the 
mode of genmnation is of i alue m the identification of a bactenum, provided aU 
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e modes ^T^ited by a given species are considered ” (Translation by the 
revieirer ) The modes of germination observed by Gottheil in the vanous qiecies 

A polar, bipolar, Sa, lateral, equatonal, 
with unilateral sphttmg of the coat and a short germ ceU, 3b, lateral, equatonal 
which complete sphttmg of the coat, the two halves of the coat remam as caps 
Momd the ends of the germ cell, Sc, lateral, equatonal, with umlateral sphttmg 
of the coat, fast growth of the germ cell inside the stretched coat, and long genn 
cells of comma-hke form 

The foUowmg is a bnef account of the modes of genmnation of most of the 
oigamsms studied during that penod 

Polar germination was described m Closlrtdtum butyrv:um and (7 folytnyxa 
{Bacillus ■polymyxus) (141), m B anthracic (141, 69), m asterospora 

{Bacillus asterosporus) {m),m Bacillus ntmtnatus,B ellenbachensis, B pumtlus, 
and B fusiformis (67) , m B mycmdes (67, 70) and only m certam strains of the 
same organism (76), m B buischhi (153) Bipolar germination was observed 
occasionally m B scssihs (83) and B ramosus (168), and predominantly in 
B InpoJans (15) 

Lateral genmnation was described m B subtilis (141, 10, 36, 69), m B mcga- 
thenim (36,69),m5 inflatusmdB ventnculus {m),mB iumescens (103, 67), 
m B mycmdes (69), and only m certam strains of the same organism (76), m 
B loxosus, between pole and equator (15), m B sporonema (154) 

Polar and lateral germinations were observed m B brassicae (140), m B 
carotarum, B cohaerens, B petasites, B simplex, and B miblUts (67) 

Germination without shedding a coal was described m B anlhracis (36), m 
B carotanm (103), m B kpiosporus (83) 

The names of the species used m this summary are those used by the respective 
authors regardless of possible synonymy (see Gottheil, 67) Details and dis- 
cussions should be sought m the ongmal hterature 
Dunng the last four decades, spore germination was not alwaj s earned out to 
study changes m gross morphology or with the purpose of apphcation to taxon- 
omy, but often as a means to study mtemal structure 
Preisz (143) desenbed the process m vanous sporefonnmg bactena as follows 
When a spore is placed m a medium where it can germmate, the first sign of its 
viabdity is the presence of a nucleus at the equatonal side of the shiny, reserve 
body The nucleus stains deeply The round, or elongated, nucleus sometimes 
projects from the contour of the spore as if it were adhenng to it from the outside 
Inside of the apparently unchanged spore coat, one then obsen-es a darUy 
stamed contour m the middle of which is the shmy body In a later stage, the 
nucleus swells at the penphery of the spore, and may reach one-third of the 
thickness of the spore Sometimes one finds on either side of the central, slimj 
body a darkly stamed, httle nucleus Throughout these changes, the coat 
appears to play a passive role, it becomes less visible and begms to take “P 
dyestuff than the coat of the restmg spore Upon further developmenMhc 
centnJ, Bhmy body d«.pp».B, mi the eMm spore b^y f 2^“; 

phihc protoplasm, and the nucleus becomes mvisible This is fo 7 
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emergence of the germ cell and sheddmg of the coat The germ cell sta ins famtly 
and contains one nucleus or, sometimes, two nuclei The wall of the germ cell 
appears to be formed dunng germination Other mterestmg details should be 
sought m the ongmal paper 

Allen, Appleby, and Wolf (1) observed two types of spore germ i nation m 
an aerobic organism isolated from grass In both tjTies the germ cell emerges 
from the pole of the spore In type A, the spore “loses its refractmty, enlarges 
to the dimensions of a vegetative cell and dindes by transverse fission It stams 
feebly and uniformly and shows no mtemal structure After several divisions 
have occurred the presence of refractive granules is apparent ” This descnption 
conve}^ the impression of absorption of the coat rather than of polar germination 
In type B, when the germ ceU emerges from the spore, it “contains a nuclear 
structure which undergoes dinsion A central, transverse band of chromatm is 
resolved mto a cross structure, the two halves of which are pulled apart and are 
soon transformed mto minute, separate, rod-shaped structures Fission of the 
cell results m two cells each conta inin g one of those rods The latter then dis- 
appears, givmg rise to ceUs which at first stain evenly and rather deeply, but 
after a few ceU divisions they lose their stammg capacity and acquire refractile 
granules ” 

The mode of germmation m various members of the genus BaciUus was 
studied by Lamanna (106) and was correlated with other characteristics, e g , 
spore antigen, physiological behavior, and, to a certam extent, heat resistance, 
the latter relation was previously foimd by Knaysi (87) Lamanna states 
“When the methods of spore germmation are clearly defined and separated they 
have taxonomic value Spore germination of a given type is constant for any 
one culture and species ” He classifies the modes of germmation as follows 
“I Sheddmg of spore coat small-celled species 
A Equatonal 

Not sphttmg along the transverse axis Bacillus subtilis 
Sphttmg along the transi'^erse axis Bacillus vulgatus 
B Polar Bacillus agn 

C Comma shaped expansion Bacillus meseniencus 
n Absorption of the spore coat large-celled species ” 

In this classification B suhhlis is the stram of Ford and Lawrence recently 
named Bacillus hcheniformis (66), B vulgaius is the one known as the Marburg 
stram of B sublilis 

Spore germmation by sheddmg of a coat is said to have three characteristics 
the spore swells only to about the double of its ongmal volume, it does not lose 
all of its refractinty, and the coat remains visible for a long time after it is shed 
off In the first tj-pe of equatonal germination, the germ cell forces its way 
through the coat m a perpendicular or obhque direction to the major axis of the 
spore In the second tjqie, the coat is split such as an egg with the two halves 
of the spht shell remammg attached Germination bj' absorption of the coat is 
defined as one m which the spore swells to three or more times its ongmal i olume, 
and its refractmtj is reduced to about that of the vegetative cell, the true spore 
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coat disap^ar^ter the second division of the germ cell, although a thm capsule 
py persist When such a capsule is visible, its position indicates polar or e^qua- 
tonal emergence of the germ ceU, both may be observed m the same culture, but 
one usu^y predom^tes The capsule, which may be a part of the spore 
c^t, IS distinguished from the latter by a low refractivity which approaches 
that of the germ-ceU waU In a later work, Lamimna (109) obsen^ed, m the 
gen^tmg spores of B subtilis (B Itcheniformis), gram-positive bodies assum- 
mg forms which suggest division Present knowledge of the structure of the 
sporeformers permits considermg these bodies as nuclei 
Enaysi and Gunsalus (101) studied spore genmnation m the Marburg strain 
(C<) and m the Lawrence and Ford stram (Ss) of B sublUis Thej stated 
We have remvestigated the problem, not only m stock cultures of both strains, 
but also with a number of their variants, and have arrived at the conclusion 
that stnctly equatonal genmnation m both organisms is far from bemg the rule 
On the contrary, m the majonty of the variants most of the germ cells emerge at 
loci mtermediate between the pole and the equator or, not infrequently, at the 
pole The proportion of mtermediate, equatonal, or polar genmnation vanes 
with the dissociant, whether it is constant for a given dissociant, we are not able 
to say As to the sphttmg of the exme, we were unable to observe it m Ss or in 
any of its variants, on the contrary, this phenomenon often predommates in C< 
and its vanants, sometimes less than half of the spores show splitting, m the 
majonty of the rest the exme is bent to a variable degree without sphttmg, in a 
small proportion, one usually observes neither bendmg nor sphttmg Following 
the loss of the germ cell, exmes ongmally spht or bent generally reassume the 
normal form of the spore, mdicatmg a high degree of elasticity ” Regarding the 
taxonomic value of spore germination, Knaysi and Gunsalus wrote “We are 
convmced that, as knowledge of that process becomes more adequate, it mil 
become more and more valuable, at least as a group criterion mthm the genus 
In using this and other entena, however, it must be remembered that the 
vanabihty of a characteristic may be just as significant as its stability ” 

Stammg with Giemsa’s solution after hydrolysis with warm, normal HCl, 
Robmow (148) observed the foUomng changes m the germmatmg spores of 
B myandea “Shortly after the spores have been covered mth warm nutnent 
broth, the nucleus actively enters, or is engulfed by the cytoplasm nhcrc its 
outhnes become veiy mdistmct This event is accompanied by a great in- 
crease m the (basophihc) affimty of the cytoplasm for the blue component of 
Giemsa’s stam The differentiation of the cytoplasm mto stamable core and 
glassy outer layer is lost and the cytoplasm now stams blue all over At this 
stage It may be difficult to trace the nucleus m spores where the cytoplasm is 
particularly deeply stamed, but I no longer beheve it disappear altogether 
“In the course of the next 5 or 10 mmutes there is a gradual decrease in the 
amount of stam absorbed by the cytoplasm, and distmet chromatm.c structur^ 
reannear At first the chromatimc structures are ^ ery delicate and look like 


elongated rmgs are also common 


Gradually all these configurations con- 
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tract into a thin, knotted string of chromatinic matter m the center of the cell 
'which further contraction (and growth?) turns mto a deeply stamed, compact, 
polygonal body Towards the end of the first hour of mcubation this body is 
found m vanous stages of division mto what appears to be two pairs of chromo- 
somes ” 

Germination was recently studied m B mycordes, stram C 2 , by Khaysi et al 
(99), using the high-voltage electron microscope The process is mitiated by a 
shght decrease m opacitj’’ and by unilateral swelhng Bilateral sweUmg is 
occasionally observed This is followed by cra^ckmg of the mner coat and 
subsequent tearing of the elastic, outer one One end of the germ ceU shps out 
of the spht and bent coat Sometimes the two halves of the coat are completely 
severed and remain as caps around the ends of the germ ceU No mtemal 
structure was observed m the genmnatmg spore or m the germ cell The wall 
of the germ cell was not nsible in the restmg spore, but it can be seen as soon as 
the spore coats are spht and maj’’ have been formed durmg germination 

In a more recent study -with the electron microscope, Knaysi and Hilher (102) 
observed sheddmg of a smgle, thin coat m a stram of B megatherium heretofore 
beheved to absorb its coat This coat is usually spht between the pole and the 
equator, and qmckly dismtegrates lea-vmg a matrix consistmg of long, parallel, 
beaded molecules 

Discussion A study of the hterature reviewed above sho'ws a general agree- 
ment about the changes m the appearance of the spore durmg germination 
These changes, swelhng and reduction m refractmty, have been usually at- 
tributed to absorption of water In the hght of present knowledge, however, 
this explanation becomes inadequate The restmg spore does not stam "with 
dilute, aqueous solutions of basic dyes (69) , only the spore coat stains hghtly (70) 
This unstamabihty has been attnbuted to the unpermeabihtj’’ of the coat, on the 
other hand, Grethe (69) found it difficult to see why a coat permeable to nutnents 
IS impermeable to dyes m aqueous solutions It must be remembered, however, 
that the spore protoplasm stains mtensely when placed m a solution of a basic 
dye for long penods of time or when heat is apphed and, once stamed, it is not 
easily decolorized This is the basis of aU spore-stammg procedures, and pomts 
to the impermeabihty of the coat as the cause of “unstamabditj’^” of the spore 
The swelhng and decrease m refractivitj’’ observed m the early stages of germina- 
tion are accompamed by an mcrease m permeabdity and reduction m resistance 
to deletenous agents, the spore becomes readilj’’ stamable and acquires character- 
istics similar to those of the vegetative cell, although the properties of its surface, 
as detenmned by electrophoresis (50) remam tjqpical of the spore until the coat 
IS shed or otherwise disappeared The mechanism of change m permeabdity is 
not entireh' clear, but it may be shown that the change is not due merelj’’ to 
swelhng of the spore coat hleyer (120) expressed the opmion that it is not due 
solelj to stretchmg but also to chemical elaboration of the coat The recent 
obsen ations of I^naj si (92) show that the endospores of B mycoides germinate 
m solutions of a utihzable source of energ 3 ’' such as glucose Under these con- 
ditions there is no evidence of swelhng of the coat, on the contraiw', m spores 
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^ genmnate very slowly, the coat appears thiimer and often disappears 
without being shed Recent work with the electron microscope (99. 102) gavo 
no evidence for an mcrease m the thickness of the spore coats during germina- 
tion Indeed, it is difficult to understand why structures already bathed m 
water and somewhat permeable both to water and to glucose, should require 
ava^ble food m order to swell In the case of the spore protoplasm, the 
evidence for an mcrease m volume chiefly through physiological activity is clear 
A strong fermentation of glucose m a suspension of spores most of which show 
httle or no swelhng, and the gradual disappearance of relatively considerable 
quantities of ribonucleic acid dunng the early stages of germination have been 
reported (92, 98) The protoplasm of the spore mcreases m volume by the 
normal processes of growth until the spore coat bursts at its weakest part In 
the case of B Mtschlii, the weakest part is a terminal spot marked, m the resting 
spore, by a local absence of the inner coat In strain Cj of 5 mycatdcs which 
germmates equatorially, the middle part of the coats appears to be the thinnest, 
this imtial difference is magnified by physiological action mdicated m electron 
micrographs by transparent lateral spots of variable dimensions It is not 
yet possible to state why this physio’ogical action aSects lateral areas of the 
coats m organisms with lateral germination 
The observation (102) that a strain heretofore considered to absorb its coat 
actually sheds a smgle, thin, perishable coat may be found true for other absorb- 
ing strains Whether or not a second inner coat was present m the resting spore 
and utilized durmg germination can not be decided 

This discussion leads to the consideration of another phase of spore germina- 
tion, t e , its value as a taxonomic criterion The reviewer is thoroughly familar 
with only a few of the common sporefomung bacteria which he has observed, 
or with which he experimented, over penods of years Of these, B megalhenum 
always “absorbed” its coats, t c , it shed a single, thm, perishable coat not 
easily seen with the hght microscope B cereus, stram Cj, always germinated 
terminally, sometimes withm its persistent sporangium (87) In B subUhs 
(Marburg stram) lateral germination is the rule, although m 2 or 3 per cent of 
the spores germmation may be terminal, the coats may be either punctured or 
qiht B Uchemformts never sphts the coats, but exhibits similar vanabihtj to 
B subhlis m the locus where the germ cell emerges This is quabtatively true of 
the onginal strains of both species and of a number of strains obtamed by dis- 
sociation Stram C, of S mycoides has a stnctly equatorial germination m 
vanous media, and seldom exhibits lateral deviation even m a nitrogen-frcc 
medium The author knows of no other smgle character, morphological or 
physiological, commonly used m the classification of the genus Ranflua which 
shows a greater degree of constancy than the mode of germmation It is ^ 
easily determinable morphological character which 

antigemc make-up and physiological behavior (107, 103, 101) Sowcic^ y 
prelt standards of taxonomy, it will only as a group "r 
who discount Its use do not seem able to show any vahd cau^ for 
other than to state that the mode of gennmation is variable, that it could 
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dependable since it depends on sbgbt differences m tbe character of the coats 
In reality, the remarkable constancy of the mode of germination m a given 
stram could not be accidental, and it will probably be related to the manner m 
which the coats are laid out as suggested by the work of Schaudinn (153), and to 
an mtimate relation between the coats of the spore and its protoplasm The 
form and size of the emergmg germ cell, used by Gottheil (67) as a related 
cntenon, should be remvestigated 

BIOLOGICAL nature 

The biological nature of the endospore has not yet been established The 
foUoivmg quotations from authontative wntmgs which appeared durmg the 
past fifteen years illustrate present behefs Cook (25) states “There is no 
doubt that bactenal spores are not necessarily formed because conditions m the 
environment have become unfavorable for further growth It is extremely 
likely that they represent a stage m the life cycle of certam bactena The 
function of spores is by no means clear, but they possibly represent a survival 
from a parent form As these bodies are heat and drought resistant, they are 
undoubtedly in many mstances a factor m the survival and distnbution of the 
race They are specifically produced to tide over unfavorable penods ” 
According to Hennci (74) “Only one spore is formed by each cell, and upon 
germination each spore gives rise to but one cell They are, therefore, not 
reproductive in function but are essentially resting forms ” A similar statement 
IS made by Zinsser and Bajme-Jones (174) , these authors, however, add “ we 
are comunced from our observations of the process that the formation of the 
endospore has a significance m the bactenal life cycle greater than its obviously 
advantageous production of a temporarily resistant form ” Lewis (115) places 
endospores among reproductive structures but does not otherwise discuss their 
biological nature 

It IS generally beheved that endospores are formed asexually, however, one 
finds m the literature several reports m which autogamic, sexual processes are 
said to take place durmg its formation, at least m certam species Schaudinn 
(153, 154) mterpreted the processes he descnbed m B buisMii and B sporonema 
as evidence of autogamy GuiUiermond (70), who studied several of the aerobic 
sporeformers, wrote “Sporulation does not seem to be preceded by phenomena 
of autogamy similar to those descnbed bj’’ Schaudinn m B buischhi and B 
sporonema It is, therefore, probable that the phenomena of autogamy are far 
from bemg the general rule m bactena ” (Translated by the re^uewer ) DobeU 
(46) severely cnticized Schaudmn’s mterpretation In B flexilis, a dispone 
organism m which the spores are formed as m B butschhi, Dobell saw evidence 
of mcomplete cell di\Tsion rather than of autogamy 

Badian (3, 4) descnbed sporulation. m B subtihs^ B myemdes^ and B mega- 
therium m the foUowmg manner The vegetative cell usually contains a smgle 
chromatm rod Once vegetative development is completed, the cell enters the 
phase of autogamy Autogamy is preceded by longitudinal division of the 
chromosome into two secondarj’^ chromosomes which are onented parallel to the 



46 


aEORQBB KNATSI 


[vOL 12 


^ ends forming a single 

^ad This thread becomes shorter and thicker, finally appeormg as a typiLl 

c^mraome This is the beginning of the diplophase The bivalent ckLo- 
some then ^ts into an obhque, or transverse, position and initiates a new 
^nes of toU divisions Formation of the endospore is preceded by a double 
TOion of the chromosome Three of these chromosomes dismtegratc, and 
on^y one forms a part of the spore Diamtegration of the three chromosomes 
mdicates that the division of chromosome precedmg spore formation is a reduc 
tion division The endospore, therefore, contains a smgle, univalent chromo- 
some and IS the begmnmg of the haplophase 
Allen et al (1) observed three methods of spore formation m an aerobic 
organiEm isolated from grass In one of these methods, the authors see endenco 
of nuclear reorganization “The mam changes mvolved are explamed on the 
assumption that the normal vegetative cell is haploid and contains one chromo- 
some Prior to one type of spore formation a diploid cell is thought to be formed 
by division of the chromosome, accompanied by a failure m cell division Meio- 
sis then occurs resultmg m the formation of a well-marked, deeply stainmg 
tetrad, followed by separation of the chromosomes and possibly a second mitosis 
One of the resultant chromosomes is involved m the formation of the spore and 
the remamder appear to be extruded The spore is thus haploid m constitution 
On the other hand some spores appear to be formed from similar cells without 
previous meiosis, and it is thought that m these spores, which would be diploid, 
the meiosis which was repressed at spore formation occurs either when the 
liberated spores are sown on to a fresh medium, or when they are left for somo 
tune m an old medium ” 

Kheneberger-Nobel (84), usmg the Piekarski-Robmow technique of hydrolysis 
with HCl and stainmg with Giemsa’s solution, studied the cytology of sporula- 
tion m Clostrtdium welchii, C seplicum, C oedemaiiens, BaciUiis myemdes, and 
Sphaerottlus natans She summanzes her interpretations as follows “The 
dumbbell bodies which are dispersed m the cells of young growth become alined 
m the long axis of the cell where they eventually fuse mto an a\ial nuclear 
cyhnder These cells divide up mto fusion cells of approximately the same 
length The development of the ‘chromosome’ stage mto the fusion cell is the 
first step m the process of sporulation During its further development the 
fusion cell or spore mother cell divides twice with the result that it is segregated 
mto four structures which often assume dumbbell shape Therefore the chro- 
matm cyhnder of the mdividual spore mother cell seems to be equivalent to four 
nuclear elements one of which functions as the spore ‘chromosome’, (‘nucleus’?), 
whereas the remainmg three disintegrate The npe spore representing, as it 

does the smallest cell umt contains one nuclear structure only ’’ 

“Therefore the two'Wm features m spore formation of bacteria appear to be 
1 a fusion of the dun&beU bodies mto an axial chromatm rod (‘autogamy r;, 
i a reduction partitioA which is reminiscent of, though not corre^onding to, 
the more compheated phenomenon of meiosis m the higher or^nis^ It a 
easy to see thlt these mterpretations are identical with those of Badian (3, 4) 
Other papers on the nature of the endospore are 118, 149, and 150 
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Discussion A cntical study of the literature reiuewed m this section leads to 
the same statement with which the section was started, i e , “The biological 
nature of the endospore has not yet been established ” In the hterature, we 
find two types of assumed automictic processes the first mvolves the fusion of 
sister cells, the second mvolves the fusion of nuclei, or “chromosomes,” present 
m the same cell The first, i e , fusion of sister cells, was observed by only one 
mvestigator m organisms not available for study by others However, the 
observations of Schaudinn appear to be of such a quahty that, m spite of cnti- 
cism (46) one can not discount the process as a possibiht}’’ m some unusual 
bactena It must be emphasized, however, that this process has not been 
observed m common bactena Smce it mvolves easily recognizable morpho- 
logical cntena, namely, dinsion of a cell followed by disappearance of the septum, 
its occurrence could not have escaped the notice of other mvestigators (5, 97) 
who made “contmuous” observations on numerous sporulatmg cells The 
second, i e , fusion of the nuclei m the same cell, is more difficult to evaluate, 
smce it IS reconstructed from the observation of mmute structures m cells 
subjected to considerable mampulation The deductions made are based on 
three assumptions the correctness of which has been taken for granted by the 
respective authors The first assumption is that wet fixation of the cell with 


osmic acid and subsequent treatment with hot, normal hydrochlonc acid do not, 
m any way, alter its structure, the second is that Giemsa’s stam is specific for 
chromatm, the third is that a morphological picture observed, or more parti- 
cularly photographed, with the hght microscope can be mechanciaUy mterpreted 
without consideration of optical relationships 
The reviewer has, so far, reframed from evaluatmg the stam of Giemsa m the 
study of the mtemal structure of bactena Its use foUowmg wet fixation with 


osmic acid was highly recommended and extensively used by Dobell (47) 
Badian (3, 4) observed mtemal differentiation m cells, stamed by Giemsa’s 
solution and decolorized by eosm Piekarski (139) used the stam followed by 
decolonzation with eosm or preceded by treatment with hydrochlonc acid as m 
the Feulgen techmque, both methods gave similar pictures Piekarski beheved 
that action of the acid consisted m loosenmg the structure of the membrane, 
thus mcreasmg its permeabihty to the dye Robmow (147, 148) combmed the 
methods used bj’’ Dobell and Piekarski, the wet cells were fixed with osmic acid, 
treated with normal h3’’drochlonc acid as m the Feulgen procedure, and stamed 
with Giemsa’s solution He attnbuted to the acid reduction m the stamabihty 
of the endoplasm All of these mvestigators were able to observe mtraceUular 
bodies which stam as known nuclei do, although the morpholog}^ number, and 
distnbution of these bodies maj’' have been widelj’’ different The illustrations 
published bj’’ Robmow show many of these bodies with a dumbbell-hke form, 
usuallj mterpreted as evidence of division 
Tlie possibihtj’’ that the obsen'ed bodies are nuclei can not be doubted, smce 
Gicmsa s solution has been used m histologj’" as a nuclear stam for manj' j-ears 
On the other hand, the problem with bactena is somewhat different Here the 
problem does not mvohe onl 3 ’- demonstration of bodies which stam as nuclei, 
ut also proof that such bodies were not formed b 3 ’’ fixation or hydrolysis with 
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acid from nuclear matenal not differentiated m the living ceU as nuclear bodies 
It also involves demonstrating that the bacterial ceU contains no other bodiei 
which stam like nuclei In this connection it may be recalled that the fatr 
containing inclusions formed by B ceretis m the presporal stage and the cyto- 
plasmic membrane, m which these mclusions are formed, give a positive Feulgea 
reaction (93, 95) The cytoplasmic membrane is also colored by Giemsa’B 
solution, mth or without hydrolysis, in a shade similar to that of the nucleus 
Since ICnaysi and Baker (98) showed that, m nonfilamentous growth of B 
mycoideSy all the nuclei of a sporangium are enclosed m the forespore, the extra- 
sporal bodies considered by Badian (3, 4) and by Kheheberger-Nobel (84) as 
Bupplementaiy nuclei must be presporal mclusions Furthermore, dumbbell- 
hke appearance should not be considered a proof, but only an evidence, of pos- 
sible dinsion, for two bodies accidentally lymg side by side would appear as one 
with a dumbbell-like form, only by the use of probabihties and by correlation 
with cell development can this phenomenon be given significance We are also 
unable to agree with Piekarski (139) that hydrolysis produces no artifacts, for 
even if we accept pre-eiastence of the stamed bodies m the hvmg cell, we still 
have to consider artificial positions and arrangement which, as was pomted out 
m the preceding section, are observed m cells subjected to hydrochlonc acid 
In an unpublished work (94), it was possible for us to treat a given cell, imder the 
microscope, m such a way that the positions of its inclusions changed con- 
siderably 

It IS clear from this discussion that use of Giemsa’s solution, with or 
without hydrolysis with acid, did not solve the problem of internal structure 
m the vegetative cell or m the endospore, and that indiscriminate use of 
this techmque has already led, and will contmue to lead, to erroneous mterpreta- 
tion of mtemal structure and of nuclear behavior Theoretically, staimng with 
Giemsa's solution is of no more significance than stammg, for instance, with 
hematoxyhn On the other hand, the acid treatment, transplanted mto the 
techmque from the Feulgen procedure by Pierkarski (139), has the advantage 
of removmg the most troublesome substance, ribonucleic acid (89) This, 
added to the excellent optical quahties of the stam, is of considerable advantage 
m making and recordmg observations However, its significance depends on the 
ability of the observer to show, by other means, that non-nuclear, Giemsa- 
stamable bodies are not present m the object examined This, the users of the 
method have failed to do On the other hand, the work of ISnaysi (94) and that 
of TCnaysi and Baker (98) have shown that young, actively growmg cells of B 
cereua and B myandea contam no mtracytoplasmic bodies other than nuclear 
ones consequently, Giemsa-stainable bodies m young cells of these organi^ 
probably consist of chromatm In makmg this statement, we are sBsmmg that 
these bodies are not formed by coagulation of diffuse nuclear matend, but even 
with young, actively growmg cells, it is nsky to draw conclusion with resect to 
nuclear behavior, because of artificial positions or arrangements cansed by the 
"eSue HouU, at the end of the penod of growth, cells of th- organ^ 
contam Giemsa-stamable mclusions consisting of protem combmed with hpoi 
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matenal and possibly other molecules (93, 94) These bodies ongmate in the 
cytoplasmic membrane and have no nuclear significance, their stammg properties 
are not altered by treatment with acid Under these conditions, the techmque is 
of a very hmited value These considerations, together with the observation (98) 
that all the nuclei of a sporangium are enclosed m the forespore, show that the 
scheme of nuclear behavior before and durmg sporulation, as visuahzed by 
Badian and by Kheneberger-Nobel, is based on uncritical mterpretation of 
stammg with Giemsa’s solution It must be emphasized, however, that the 
possibihty of autogamic processes withm the spore is still to be considered 

CHEMICAL COMPOSITION AND ANTIGENIC STRUCTURE 

Chemical composition Little is known about the chemical composition of 
the endospore other than that it contains a number of enzymes (52, 53, 152, 24 
163, 167), more bound water and less free water than the vegetative cell (64, 75), 
mmeral elements such as Ca, K, Cu, and hin (28), and ribonucleic acid diffuse 
throughout the cytoplasm and utihzable as a source of mtrogen and phosphorus 
but, m the case of B mycoides, not of energj’’ (92, 98) It maj^ be added that 
the cytoplasm of the spore is nch m hpoid matenal, also diffuse Smce the spore 
contains nuclei, it also contains the nucleoprotems characteristic of the nucleus 

Antigens DefaUe (37), usmg several members of BacHluo {B mycoides, B 
mesentencus vulgatus, B suUilis, B alvei, and B anihracis attenuated with 
phenol), observed that the mjection of spores of these bacteria mto the animal 
body was followed by the formation of antibodies (agglut inins and sensitizmg 
antibodies) m the serum, whereas the mjection of mold spores did not confer 
any special property on the serum He further showed that the formation of 
antibodies was not the result of germination but was mduced by the spores 
themselves, that the antibodies mduced by spores of one species were more 
active against the spores of that species, but acted also on the spores of other 
species, that the antibodies produced against the spores differed from those 
produced against the vegetative cells m that mjection of spores heated to 115 C 
in uced the formation of both agglutinins and sensitizmg antibodies, whereas 
t e mjection of vegetative cells heated to the same temperature mduced the 
formation of agglutinins only 

Mellon and Anderson (119), workmg with spores of B suhiilis treated with 
an ormm, confirmed the existence of spore antigens distmct from those of the 
vegetative cell On the other hand, Krauskopf and McCoy (105) found a close 
sero ogical relationship between spores, treated with KOH to dissolve vegetative 
remnante and vegetative cells “Absorption experiments revealed the presence 

o an (flagellar) factor m spores, demonstrable both in vivo and in vitro re- 
actions ’ 

Lamanna (107, 108) also confirmed the existence, m many strains of Bacillus, 
0 a separate spore antigen “The antibody obtamed by mjection of spores was 
^t'^* ^ react with vegetative cells of the same stram The vege- 

It ^ bomologous organisms do not absorb out the spore antibody 

be noted that in some instances the spore antiserum clumps vegetative 
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OSes the abihty to clump them and the titer for the spores remains unafifected.” 
Lamaima correlated antigenicity of the spore with other morphological and 
pHymological characteristics and used it m the taxonomy of the genus Bacillws 
btrains with small cells were divided mto four, weU defined groups In strains 
mth large cells, it was possible to separate B megatherium from B cereus, but 
B mycmdes proved to be heterogeneous In a later paper, Lamanna (110) pre- 
pared precipitmogens from the spores of B subtUis and B tmlgaius {i e , the 
strain of Ford and Lawrence and the Marburg stram of B subhlte respectively) 
He found that “The antigen of each species does not cross precipitate with spore 
antiserum of the heterologous species ” 

Howie and Cruickshank (77) worked with Clbstndium sporogenea, B cereus, 
B mesentencus, and two other members of Bacillus isolated from soil “Anti- 
sera against Cl sporogenes, B cereus, and the organism 'Soil 1’ were prepared by 
mjectmg suspensions largely composed of spores but m which small numbers of 
bacilh were also present These antisera contamed agglutinins against both 
spores and bacilh but by absorption with heavy suspensions of the appropriate 
antigen it was possible to remove one agglutnun without appreciably lowenng 
the titer of the other The organism ‘Soil 2’ when grown for 10 days on 
sodium asparaginate agar produced growths containing spores and so few 
bacilh that the latter were unable to stimulate antibody formation By this 
means a spore antiserum was obtamed which agglutinated spores but not 
bacilh Antisera were prepared against autoclaved and unautoclaved sus- 
pensions of B mesentencus containing few bacihaiy forms Autoclavmg 
destroyed the antigenic activity of the bacilh but did not significantly alter the 
antigemc properties of the spores ” This paper contains a cntical evaluation of 
previous work on the subject A recent paper by Bekker (8) reports similar 
conclusions 

On the basis of the work reported above, it seems fairly certam that the endo- 
spore has at least one antigen not present m the vegetative cell Smce agglutmo- 
gens are surface antigens, this is supported by the difierence observed m 
electrophoretic mobihty between the spore and the vegetative cell Further- 
more, it seems that the characteristic spore antigen is not the same m ah spore 
fonnmg bacteria, and *that organisms of the same serological group have also 
several morphological alhd physiological characteristics m common In view of 
the sad state of the taxonomy of the sporeformers, it is hoped that further study 
of spore antigens wiU prove helpful m developmg a sound knowledge of this 
mterestmg and important group of bacteria 

relation of ^ ENVIRONMENT TO THE FORMATION AND 
germination of the endospore 

Formation 

Although the endospore represents a stage m the normal development of 
Under certam conditions, it is possible to grow a stram of bacte P 
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able to form spores, in the vegetative stage mdefinitely ‘Termanently” 
sporeless strains ma}’’ also be developed by dissociation (130, 79, 111, 7, 151, 
136-138, 56, 57, 85, 86) 

The emaronmental factors which affect sporulation have been extensively 
investigated during the past sixty 3 ’^ears, but, until recently, the state of knowl- 
edge in that respect was fragmentary and short-sighted The reasons will be 
given below The environmental factors which have been mvestigated are the 
foUowmg the temperature of mcubation, the composition of the medium with 
respect to tj^ie and mitial concentration of gross nutnents, or the accumulation 
of b 3 'products, molecular ox 3 ’-gen, salts (particularly cations, mcludmg hydrogen 
ion), the presence of nutnhtes, and the accumulation of byproducts of metabo- 
lism, desiccation of the medium, finally, the stage of development of the culture 
with reference to the “growth curve ” 

1 The temperature of incubation It was reported by Cohn (23) that B subiihs 
grows actively at 47 to 50 C, formmg both a pelhcle and spores m the normal 
way Between 50 and 55 C, however, growth ceases, neither pelhcle nor spores 
are formed, and the vegetative cells already present are destroyed Koch (104) 
studied the effect of temperature on B anthracis At 35 C the organism grows 
fastest and spores are formed m less than 20 hours, at 30 C, the spores appear m 
about 30 hours, and at 18 to 20 C m 2^ days Spores are seldom formed below 
18 C, and growth ceases below 12 C 

Brefeld (10) found that B siibtili 3 dindes at 24 R, m a half hour, at 20 m 
three-quarters of an hour, at 15 m 1§ hours, and at 10 m 4 to 5 hours, below 5 R, 
growth was extremely slow Spore formation takes place at 24 R m about 12 
hours, at 18 m one da 3 ^, at 15 m two da 3 '^s, and at 10 m several days The cycle 
of development (probably of the culture) is completed at 24 R m 24 to 30 hours, 
at 20 m 2 days, and at 15 m 4 to 5 da 3 ^s 

Schreiber (155) concluded, from his studies of B anthracis, B subtilis, and 
B tumescens, that the effect of temperature on sporulation is shght and is due to 
extension of vegetative growth At the optimum temperatures (34 C for B 
anthraas, 30 C for B subtUis and B tumescens), spore formation takes place 
early In B subtUis, vegetative growth ceases at 8 C and sporulation at 10 C, 
in B tumescens, growth ceases at 10 C and sporulation at 11 C , B anthracis 
grows shghtty at 12 C but spores are not formed below 14 C Of considerable 
interest is the observation that when a 14-hour-old culture of B anthracis is re- 
moi ed from 37 to 18 C, mvolution forms are produced and sporulation is de- 
cient, when the change m temperature is not so great, sa 3 '' from 30 to 20 C, no 
mju^’^ results other than retardation of the rate of growth 
1 ligula (123, 125) determmed the periods it takes B subtilis to sporulate at 
v^ous temperatures At 14 C, the period was 72 hours, at 18 C, 54 hours, at 
20 C, 48 hours, at 25 C, 40 hours, at 30 C, 33 hours, at 35 C, 26 hours, at 38 C, 
hours, at 40 C, 38 hours iNIigula concluded that the temperature of fastest 
growth corresponds to the iniTiimnTn period for sporulation, smce, at this tem- 
^rature, the medium becomes most quickl 3 " unsmtable for vegetative growth 
n the other hand, spores are not formed at all temperatures which allow vege- 
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%Yeek at 4 to 8 C, but spores are never formed m tins interval A ob- 
servation was made on B anthracis 

Blau (9). a student of Arthur Meyer, determined the maximum temperaturea 

forsporegermmat.on,formult,phcation,andforsporeforinationof 24 mesophihc 

rad 4 thermopile species of sporeformers In ten species, mcluding 
B mj/cotdes, B dknbachensia, and Sarana ureae, the three maxima in the same 
species were the same, m B alvei, the maximum for qiore formation (45 to 50 C) 
was higher than that for spore germination (40 to 45 C), in the remammg 17 
species, the maximum for spore formation was below that for genmnation 

More mtensive and, apparently, exact studies of the effect of temperature on 
spore germmation, growth, rad spore formation were made by Holzmuller (76) 
The organisms mvestigated were 5 strains of B mycoides rad 4 other species of 
sporeformers The cardinal pomts of each of the three processes varied with the 
stram For any given stram, ge r mination, growth, rad spore formation had the 
same opt im u m , but germination took place withm a narrower mterval than 
growth, and spore formation m a narrower mterval than germination Holz- 
muller expressed disagreement with Blau (9) who had reported that the maxi' 
mum temperatures for all three processes m B mycotdes were the same (30 to 
35 C) In reality, Blau reported his observations for 5-degree mtervals and his 
conclusions are justified only within the limits of these mtervals Thus, when- 
ever the three maxima fell withm the same mterval they were reported the same 
Indeed, Blau's conclusions went beyond the accuracy of his reWts If this is 
taken mto consideration, the presumed disagreement vanishes The sur- 
pnsmgly low maxima reported by Blau for B mycotdes must be ascribed to the 
stram he mvestigated, smee Holzmiillet reported as much as 5C difference 
between maximum temperatures of sponilation m different strains of the same 
organism B mycotdes is undoubtedly a group of species havmg m common 
chiefly the well known type of colony 

Of considerable mtenest are the observations of Christian (21) on a Bacillus 
which causes “coconut" or “carbohe” tamt m heated milk The cardinal 
pomts for vegetative growth rad spore germination are as follows the minim um 
IS about 5 C, the optimum between 30 rad 37 C, and the maximum is about 
56 C For spore formation, however, the optimum is 22 C, at 30 C occasional 
spores are formed, at 37 C no spores are formed Of possible importance is the 
observation that at 37 C the organism shows “evidence of an effort at spore 
formation The cell contents concentrate m a termmal position as m the case of 
the formation of true spores, but no spore wall is formed Later, these 16^1^1 
bodies or ‘abortive spores’ are hberated rad persist m the cultures m toe free 
state for long penods It has not yet been demonstrated whether they are 
capable of developmg further under suitable conditions or of givmg me to new 
generations of the organism” One wondere whether or not similar b^s 
recently observed m certam thermophihc bactena (Buck. 13, rad 
mumcation) are aWive spores which may attam full development below toe 

optimum temperature for vegetative growth 
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2 Composition of the medium a Initial concentration of gross nutrients and 
accumulaiion of hyproduds Brefeld (10) stated that when the nutnent solution 
IS exhausted B subtilis proceeds to form spores Lehmann (112) and his student 
Osborne (131) found that, when B anthraas is growm m aerated broth diluted to 
vanous extents, the numbers of vegetative cells as well as of spores are propor- 
tional to the mitial concentration of the broth On nutnent agar previously ex- 
hausted hy the growth of successive crops of the same organism, the numbers of 
both vegetative cells and spores are shght Buchner (12) obsen^ed that B 
anthraas may he kept mdefimtelj’^ m the vegetative stage b}’- periodic transfer, at 
a suitable mterval, mto a fresh medium, and that when vegetative cells are 
transferred mto distilled water and mcubated under conditions smtable for 
sporulation, spores are formed sooner than m the culture from which the transfer 
was made The same was true of B subtilis Inabihty of the anthrax organism 


to form spores m the animal body is attnbuted not only to the absence of mo- 
lecular oxj'gen but also to growth under conditions where nutnents are never 
exhausted Turro (165), also ivorkmg vuth B anthraas, was able to mduce 
geimmation of the spores and fresh vegetative growth by neutrahzmg the acids 
of fermentation with sodium hydroxide He concluded that sporulation is 
caused by the accumulation of certam byproducts of metabohsm 
Schreiber (155) repeated and extended Buchner’s experiments, usmg B 
anthraas, B subtilis, and B tumescens He drew the following conclusions 

1, spores are never formed imder conditions of contmuoUs, active grovdh, 

2, insufficient food and unfavorable envnronmental conditions hmder or prevent 


spore formation, 3, sudden hmdrance of growth foUowmg good nutrition causes 
immediate and complete sporulation, 4) substances which hmder growth and, 
consequently, favor sporulation are sodium carbonate, magnesium sulfate, 
sodium chlorate, and distilled water IVLgula (123, 125) obsen^ed that addition 
of dr^*^ peptone and meat extract to a broth culture of B anthraas shortly before 
sporulation does not stop the process If, on the other hand, the medium is 
simultaneously diluted with distilled water, further vegetative growth is mduced 
Md sporulation is delayed He concluded that sporulaion is not due to ex- 
haustion of the medium Stephamdis (160), a student of Lehmann, found that 
^oie formation m B anthraas took place sooner on poor than on rich media On 
the basis of the average number of spores per cham of cells grown on nutnent 
agar m which the concentration of meat extract varied from 5 to 0 02 per cent he 
cone u ed that both the relative and absolute numbers of spores increased with 

e concentration Holzmuller (76) concluded, from a study of 5 strains of 
^ species of Baallus that sporulation requires good 

growth followed by dehciency of food It is prevented by contmuously good 
nu n conditions and hmdered m a poor medium and by conditions un- 
avoraWe for growth hlohrke (127), studymg two or more strains of Closlndiiim 
c nni, tuhnum, C oedemaitens, and C putnficum, found that media nch m 
pro em, such as serum agar or serum agar -f alka h albununate, promoted spom- 
lation of these organisms 

Hennci (73) moculated 4 sets of agar slants with spores of B cohaerens, two of 
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e sknts contoed nutnent agar of normal composition, the other two con- 
tamed nutrient agar with one-quarter as much peptone and meat extract One 
se of each tod was moculated with a veiy heavy suspension of spores, and the 
other with the same suspension diluted 1/50 “Spore formation proceeded more 
rapidly m the media of lower nutnent value than m the full strength media 
regtoless of the size of seedmg, and it proceeded more rapidly m the heavily 
seeded cultures than m the hghtly seeded ones, though the difference here was 
not so pronounced as was the effect produced by varying concentration of 
nutrients In the heavily seeded dilute medium, spores never entirely disap- 
peared, new spores startmg to form before all of those mtroduced had germinated 
It would appear, therefore, that the rate of spore formation is determmed not by 
the concentration of cells alone, but rather by the density of the population m 
relation to the concentration of foodstuff m the medium ” 

Wilhams (169-171) was unable to get satisfactory spore yields with B subtilvs 
m several synthetic media However, when the organism was grown in shallow 
layers of peptone solutions (1 to 5 per cent), the percentage of spores varied 
mversely with the concentration of peptone, although the total number of ^ores 
was higher m the more concentrated solutions Brunstetter and Magoon (11) 
also reported that when B mycoides is grown m aerated peptone solutions, the 
percentage of spores at the end of one day decreased as the concentration of 
peptone mcreased, the opposite was true of B fusifonms From these observa- 
tions it was concluded that “both the amount of available food and the amount 
of metabohc products m the environment are of great importance m determmmg 
the extent of sporulation by B mycotdes, ” whereas with B fimformts "The 
accumulation of metabohc products seemed to be of much more importance than 
the food supply ” See also Tarr (162) Bayne-Jones and Petnhi (5) stated 
that “it was always necessary to provide an initially adequate medium for the 
growth of vegetative cells, and we noted, m general, that an unfavorable en- 
vironment inhibited spore-formation " 

ICaplan and Wilhams (81) who studied Closlndium sporogenes concluded that 
“An mcrease m the concentration of peptone beyond a necessary minim u m does 
not greatly affect the rate of formation of spores ,vanatioiis m the meat 
extract content of the medium have even less influence, spores bemg formed m 
almost the complete absence of this mgredient The presence of 1 per cent 
fermentable sugar m dilute nutnent agar results m almost complete inhibition 
of spore formation The presence of 1 per cent lactose stunulates the rate of 
sporulation In an ongmally alLalme medium, the presence of 1 per cent 
fermentable sugar inhibits sporulation only m media which contam small con- 
centrations of available mtrogen ” The harmful effect of fermentable sugara is 
readily explamable by the formation of acids The unfermented lactose exerts a 

beneficial effect probably by its reducmg action 
Knava (91) showed that stram C, of B mycotdes can grow and fom end(> 
spm^ on 1 ier cent bacto agar, prepared with distilled water to toch na 

nutnente mre added He dee Aowed tot m -“"‘f „ 

endosporea B proporhoU h> to eoneealtahm ot putoeote Beyoad cem 
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concentration, the number of endospores increases with the concentration but 
IS not proportional to it Barrmg toMCity, which has been often reported for 
concentrated peptone solutions, the reason for this apparently harmful effect of 
concentration must be sought m the fact that, for a given slant surface, the more 
concentrated slant gives a thicker laj'er of cells, below the surface of this layer, 
the environment vanes from semiaerobic to anaerobic and, therefore, is un- 
suitable for sporulation It can be easilj'' shown tliat the numbers of endospores 
and of vegetative cells m slant cultures of the same imtial composition are, at 
least within a certam penod, functions of the ratio between the free surface area 
and the volume of the slant ” 

b Molecular oxygen Referring to B siihhh^, Cohn (23) stated that the 
bacilh carry on fermentation m an au-free emuronment whereas mtensive 
growth and spore formation are bound to an unhindered access of air Koch 
(104) showed that spore formation by B anihracis reqinres air, moisture, and a 
temperature exceedmg 15 C Brefeld (10) stated that spore formation b}’’ 
B suhlilis m a nutnent solution is general and regular only when the organism 
grows as a pelhcle m contact with the air When growth is entirely withm the 
hquid, spore formation is delayed Contamination with other bacteria prevents 
the formation of a pelhcle and, consequently, prevents or hmders the formation 
of spores Buchner (12) was also aware of the importance of molecular ov 5 ’-gen 
forB anfhracis and B suhhiis not because of any specific action m the formation 
of the spore but because of its beneficial effect on vegetative growth 

Schreiber (155) found that, smce B anthracic is not motile and grows at the 
bottom of a nutnent solution, the formation of spores b 3 ’‘ this organism is 
hmdered, or prevented, m a tube where height of the solution exceeds 15 cm 
Experiments with B subiilis and B iumescens m which the tubes were stoppered 
With cork and paraffin showed that, for normal development, B subtihs required 
at least 3 cm of air above the hquid column, and B tumescens 5 cm Schreiber 
attnbuted to molecular oxygen a specific action m spore formation He 
reasoned as follows Bound ox 3 ’’gen is utilized, to a hmited extent, for vegetative 
growth, but, even m the nchest media, spores are not formed without free ox 3 ^gen 
md, following exhaustion of the media, the cells perish Lrmitations of this t 3 'pe 
of reasonmg will be pomted out later 

IHatzuchita (117) studied the effect of oxygen concentration on the growth and 
spore formation of a number of aerobic and anaerobic bacteria on agar, gelatm 
mi , sometimes potato He mcubated his cultures under a beU jar where the 
air pressure and the ox 5 ''gen content could be measured, and where measured 
1 0 umes of hj^drogen could be mtroduced at defimte pressures Some of his 
re^ts, such as massive growth of B subtUts where the oxygen content was 
extreiMly small, suggest, accordmg to Wund (173) that either his apparatus was 
no^^ cientlj aur-tight or that the hydrogen he used was not sufficient^ pure 
Wit) stated that the oxygen requirement of the same organism x anes 

or je conditions He said that Wed reported sporulation by the anthrax 
rga^m under an atmosphere of hydrogen when the organism was grown on 
a 0 , wheat infusion, qumce, toarshmallow, or coagulated sheep serum to which 
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contammg 25 per cent of glucose, was added, but not m other meda 
He toher stated that Kdett reported spore formation m ordmaiy media under 
an atmosphere of mtrogen, and that Jacobi tz attributed these results to lack of 
remcn al of oxygen from the medium Migula himself claimed that sporulation 
of anaerobes, once begun, is hastened, or at least not hmdered, by the access of a 
certam amount of oxygen, and that action of the oxygen here is similar to that of 
the products of metabolism, rendenng the medium unsuitable for vegetative 
growth 


Wund (173), a student of A Meyer, detenmned what he called the cardinal 
pomts of oxygen concentration for germination, growth, and spore formation 
by a number of sporeformmg bacteria of the genus BacRlus He concluded 
that the maximum concentration for spore formation is usually below, and 
never above, that for spore germination, that the minimum for spore formation 
is usuall 3 ’' above, and never below, that for germination A similar relation 
holds for spore formation and growth He further concluded that the minima 
for growth and germination are the same, whereas the manmum for growth may 
be equal to that for germmation or be below it Only m the case of Bacillus 
alvei 18 the maximum for growth above that for germmation Wund’s paper 


contains many tables which should be consulted for exact values of the cardinal 


points for a given organism HolzmOller (76) concluded that oxygen is not 
necessary for the prmmation of spores It is necessary for the formation of 


spores by aerobic, but not always by facultative, bacteria 
The effect of low oxygen pressures on the growth and sporulation of a number 
of aerobic and anaerobic bacteria was studied by Leifson (113) The anaerobes 
showed “a considerable difference m their abihty to ^orulate under mcreased 
oxygen tensions The sporulation of Cl telani and Cl novyi was inhibited at 1 
cm of oxygen All the others except Cl sporogeim and Cl ckauvet sporulated 
less at 1 cm of oxygen than at 0 cm The sporulation of all the organisms was 
inhibited by 2 cm of oxygen In the case of the aerobes no sporulation was 
observed at 2 cm of oxygen although fair growth was obtamed B arculans 
seems to be the most ‘anaerobic’ of the aerobes used — growmg as it did m less 


than 1 cm of oxygen ” 

Bayne-Jones and Petnlli (5) noted with B megatherium “that an adequate 
Bupplj of oxygen m proportion to the amount of growth was more important 
than the exhaustion of the medium” for spore formation 

Knaysi (91) found, with B mycoides, that when the rate of aeration of hquid 
cultures is slow, the formation of endospores is slow and their numbers remain 
relatively small “As the rate of aeration mcreases, endospores are formed 
sooner and m greater numbers When glucose is present m the medium, a 
slow rate of aeration results m an extension of the penod of purely vegetative 
growth Sporulation may be hastened either by a reduction of glucose or by an 
mcrease m the rate of aeration, and, unless the concentration of g ucose is low, it 
may be difficult to aerate with sufficient vigor to promote ^orulation a 
reJonable tune” In glucose broth cultures sealed with 
relatively few endospores were found m cultures, several months old, ofB suUUie 
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and B aternmu^ In test tubes 150 b3’^ 15 mm closed •with a rubber stopper, a 
5-ml slant culture of B myandes on glucose agar contains practically no spores, 
the relatively fe'w spores formed owing to temporary shortage of food germinate 
as more nutnents diffuse to the surface, and onl}'- a fe'w shells can be observed m 
such cultures In ne'w of the relatively considerable quantities of o'^’^gen con- 
sumed durmg vegetative gro'wth, the minimum oxygen requirements reported for 
endospore formation must be taken -with caution, unless it is sho'wn that the 
recorded mitial pressure remamed the same at the tune of sporulation Knaysi 
beheves that the absolute necessity of molecular oxygen for sporulation of 
Bacillus spp has not 3'’et been conclusively proved, although its necessity for the 
qmck and efficient formation of large numbers of spores is “one of the mcontro- 
vertible facts of bacteriology ” 

c Salts and tons Behrmg (6) stated that sporulation, m B anthracis, "was 
stimulated by defimte amounts of lime 'w'ater or CaCl; and inhibited by larger 
amounts Schreiber (155) mvestigated the influence of a number of salts on 
sporulation m B anthracis, B siihiihs, and B iumescens The vegetative cells 
were harv ested from nutnent agar cultures of a defimte age and suspended m 
distilled •water or m solutions of the various salts tested In 2 per cent sodium 
cblonde spores appeared m 10 to 12 hours, m 2 per cent sodium carbonate or 1 
per cent magnesium sulfate, m 8 to 10 hours, m 2 per cent potassium mtrate or 3 
^r cent glycerol m 18 to 20 hours This is to be compared to 14 hours m 
distilled water 


J^itzgerald (62), workmg -with B capsulatns, observed no stunulatmg effect on 
spcn^tion by 0 5 to 5 0 per cent sodium chlonde Cook (24) tested the effect 
0 JNaCl, m concentrations rangmg from 0 5 to 5 molar, on gro^wth and spore 
onnation m B suhlihs, but could not defimtely state that any one concentration 
favorable for spore formation Fabian and Bryan (61) studied the effect of 
ca oTis on spore formation m B subtihs, B ceretis, B mesentencus, and B 
megaXhmum Cations of umvalent chlonde salts, NaCl, laCl, NH4CI, KCl, and 
so ^ lactate exerted a distmct stimulation m a hqmd medium Cations of 
bivalent chlonde salts, MgCh , MnCl- , BaCh , CoCh , PbCh , NiCh , the 
va ent chlondesalts AlCh , CeCIj , FeCh , and the tetravalent chlonde saltSnCh 
hIgSO° ^iDQulatmg effect Eha3"si (91), workmg •with B mycmdes, foimd that 
loti * ^^^ases the vegetative population It has a beneficial effect on sporu- 
d^n T °^"6en supply is low or linuted 
acid add d Behrmg (7) stated that hydrochlonc acid, or rosohc 

to asDo ^ *i6fimte amounts to the medium, inhibit sporulation and may lead 
by addm strains Schreiber (155) studied the effect of alkalme reaction 

for B a amounts of sodium carbonate to the medium The optunum 

suhtihs thp^°'t* 0 5 to 1 0 per cent and the maximum 3 0 per cent, for B 

reaction w '^as 2 0 per cent and the maximum 5 0 per cent The acid 

0-3 per cent^B^° addition of tartanc acid B anthracis tolerated 

^ and B iumescens 1 0 ver cent At the acid reactions, the 


mtpnoiHr -xuu xj iumescens 1 0 per cent 

I'ltzgerald S 

'■ ‘^oacluded from a study of Bacillus aerogenes capsulatns that 
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f f r i ^ pninaiy constituent of the medium, or as the 

resultant of bactenaJ action upon the sugar contained m the same, appears to 
have an inhibitory effect upon sporulation, but this effect is not absolute, since 
spores were occasionaUy met with m the media containmg HCl, and in one 
in^ance were also formed m the presence of formed acid due to action upon 
raihnose Alkalme media are more conducive to sporulation than either acid 
or neutral media, and appear to be necessary for its occurrence m any high 
degree ” 

Simonds (157, 158) stated that, m BacQXus welchn, "spore formation is in- 
constant and occurs only m alkalme media, never m pure cultures containing a 
fermentable sugar or a free acid ” On the other hand, “m the presence of the 
mixed fecal flora, the bacillus welchu may sporulate even m the presence of free 
acid or fermentable carbohydrate ” The hirnt of acidity which allows sporula- 
tion under the latter condition is equivalent to 3 ml of N/10 NaOH per 100 ml of 
suspension, usmg phenolphthalem as an mdicator 
Itano and Neill (80) found that B sxMilis can complete its life cycle between 
pH 5 and pH 10, its pH hmits for growth were 4^ and 9 4 At pH 10, spore 
gennmation is followed by shght growth and return to the spore stage “The 
shght growth and multiphcation of vegetative cells m broth of pH 10 suggest 
that the formation of endospores m this medium must be caused largely by the 
unfavorable reaction of the medium rather than by the accumulation of end 
products ” 

The optimum pH for sporulation of B sporogenes is, according to de Snudt (42), 

7 7-7 9 Mohrke (127) found that the optimum pH for sporulation, m two or 
more strains of Clostridium telani, C botulmum, C oedmattms, and C putnficim, 

13 about 71 A shghtly acid reaction is still suitable, but a shghtly alkalme 
reaction is mjunous to sporulation 

Torrey, Kahn, and Sahnger (164) showed that m a sugar-free, well buffered 
fluid medium, the favorable zone for spore formation by BaciUus welchn “ranges 
from pH 6 8 to the alkalme hunt for its growth with an optimal reaction between 
7 4 and 8 0 Spore formation is entirely checked dunng the first week m reac- 
tions more acid than pH 6 6 The high B welchn spore counts for fecal 
specimens from cases with gastnc anacidity (mcludmg permcious anemia) may 
be explamed by the fact that the reaction of the small mtestme m such cases is 
favorable for both spore formation and active growth of this organism ” 

Cook (24) stated that, m media buffered at defimte pH rangmg from 3 to 9, 
“growth and spore formation” of B subtUzs “were only noted m the media at 
dHs 6 and 7 ” Fabian and Bryan (61), workmg with B suhtilis, B cerem, 

B mesmtenms, and B megatherium found that “The pH of the mechm studied 
did not materially affect the formation of spores withm a favorable grewmg 
ranee pH 5 0 to 7 5 However, an acid reaction was shghtly more favorable for 
then production ” Ka'plan and Williams (81) observed growth of C spor^mes 
“ pH al .1 at 53 So»a apanjafoa takes pte » 

mitmted but spores are not formed m large numbers (t e , over 3 per cent) 

^ et or tto, a. to daya An op— pH for spore fonrart... be- 
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tween 6 9 and 7 4 The range of optimum pll for spomlation is the same as 
that for growth and for germination of the ‘-pores 
The work of Knaj si (91) w ith stnin C; of B mycoulcs show ed that endosporcs 
may be formed wathm a wade intcia al of pll, but that there is a definite optimum 
between pH 6 6 and 6 S “As the pll increa-^es, it*- unfa\ orable effect on sporula- 
tion quicklj becomes noticeable Tlie number of endosporcs drops sharplj as 
one passes the neutral point, although the total population maj not be naatenally 
reduced ” 

3 Nvtrilitcs Williams (109) w is unable to get satisfactor} spore jields 
withB suhlilts m sc\cral sj nthctic media, whereas Roberts (144) reported GO to 
70 per cent endosporcs of the same species, within 5 da> s, m a rclatn el\ simple 
synthetic medium, compared to less than 30 per cent in 1 per cent peptone 
solution Roberts and Baldwan (1 10) found that “A greater percentage of 
Bacillus suilihs cells sponilate in Bacto-peptone broth treated with charcoal 
than in untreated peptone water It is suggested that spore formation m 
Bacto-peptone water is imerseK proportional cither to some particular food 
factor or factors or to some factor dircclK inhibitor} to the sporc-formmg pro- 
cess” Witte and proteose peptones did not respond to this treatment Hay- 
ward (71) obsened no beneficial effect on the sporulation of B suhtilis from the 
addition of thiamine, nicotinic acid, pantothenic acid, ^bo^a^ m, p}Tido\me, or 
biotin to vitamm-frce casern h} drol} zatc, a slight stimulation was attributed to 
mositol 

Knaysi (91) found that, with strain Cj of B mycoxdes, ‘Witamin Bi promotes 
sporulation (but does not seem to affect growlh) on agar slants of a simple 
medium m which there is tendcnc} for acid by-products to accumulate, it has no 
^ect on either growth or sporulation m agar slants of vitamm-free casern 
hydrolyzate m which no acid by-products accumulate The effect of the vita- 
^ m the s}Tithetic medium is indirect and due to an mcrease m the rate of 
decarboxylation of the acid by-products It is assumed that the vitamm is 
reaMy synthesized m the casern hydrolyzate medium ” ^ 

nf D ^ recently reported that he dex eloped several medm for the grow^f 
Baemus popilhae and B lentimorbus These medm “gave consiste^ high 
but none was adequate for sporulation ” Whether 
clear “eans that sporulation requires an additional growth factor is no 


“-f A relahonshjp between lots of water from the 

“4 Bpomlation has lone been considered Aecordmg to Soyta 
od ZlT"® “ ^ “4 B antWie is hastened by ° 

is fs ® “ "Plmthn proportion of moisture to soil M.goln (125) 
dlyine hi^rt a as necessaiy for sporulation as it is for growth Su'ldm 

h ““ development m the baetem 

result of cone ^ ’ ^dual drying seems to promote sporulation possi y 

‘•'e “taent mediL ” (Translated by the revreweO 
actSi!!? that sporulation is hastened when mateml containing 

. sp reforming bactena is allowed to dry on a cover glass 
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Dardnyi (32, 33) attributed sporulation exclusively to diymg of the colloids 

Tfon dehydration may arise 1 through the 

aging of the bacteria or 2 with young bacilli too by artificial withdrawal of water 
Dehydration was i^med out by alcohol vapor, calcium chlonde etc and also by 
the di^g of bacilh on a glass surface m an mcubator durmg two days, the last 
method provmg the most satisfactory With cultivation of so dried virulent 
Mthrax bacilh we can produce 90 per cent spores m so short a time as 18 hours 

Other experiments with non-virulent anthrax bacilh, B subiilts, B anthramdes, 

etc , also support this statement The agmg is also a natural loss of water, known 
as Histeresia of the colloids ” Exhaustion of the medium os beheved to act 
through dehydration of the cell colloids Thus, dehydration seems to predispose 
bacteria to sporulate even when they are subsequently cultivated m a normal 
medium The work of DarAnyi was reported with favorable comment by 
several subsequent mvestigators who, so far as the reviewer knows, had not 
repeated his experiments 

More recently, the effect of a gradual drying of the medium on sporulation, m 
stram Cj of B mycoidea, was mvestigated by Knaysi (91) Agar slant cultures 
were mcubated m an atmosphere where the moisture content was regulated with 
solutions of NaOH and HsSO< “The atmosphere was sufficiently large to 
e l i mi nate oxygen as a factor Comparison with similar slant cultures plugged 
with cotton convmced us that the latter precaution was effective The 
data show that, under the conditions of our experiments, diymg exerts a 
harmful effect Our data show, however, that drjong is not usually of much 
importance as a factor m the formation of endospores by stram Cs of Bacillus 
mycoides ” 

5 Miscellaneous factors a Light Schreiber (165) exposed to direct sun- 
hght cultures in the stage of active growth The effect of heat was eliminated by 
partial immersion of the tubes m running water After an exposure of 16 
nunutes, B anthracis was unable to form spores, the same effect was induced m 
B tumescens by an exposure of 40 nunutes, and m B suhlihs by an exposure of 1 
hour Before the vegetative cells die, their content becomes granular, then 
protoplasm contracts, and involution forms appear 

HolzmuUer (76) exposed agar plates moculated with spores of B mycoides, or 
one of several related species, to dnect sunhght The plates were sealed with 
paraffin and immersed m running water at 28 C to eluninate the effect of heat 
B mycoides 6 germmated m 24 hours, J5 mycoides a m 40 hours, B mycoides p 
and B effusus m 48 hours, B olfadonus m 60 hours, and B nan^ “ ^ ^ 

B mj,cmdeaFluggeandy,andB dendnndea did not gei^te ^terSdaj^m 
the Lx (?) B mycoides « and 3 had formed normal colomes, viable sporw, and 
IvolutioVforms, stram d id not grow after germination, most ^ceffi^d 
died or changed mto in\ olution forms B olfadonus grew very well “d 

Ae «n, Med to ge— Jeto « 

germinated m 30 to 36 hours and grew normally , B mycoides niugg 
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not grow It IS interesting to note that all five strains of B mycoides behaved 
differently toward sunlight 

h Stage of the culture It v as thought by some of the early mvestigators that 
the formation of endosporcs is preceded bj a definite number of cell di\Tsions 
which vanes with the species In discussing this question, Migula (125) VTOte 
“In Bacillus suhtibs, the formation of spores takes place when numerous cells, 
which de\ elop from one or a fev spores, grow into long threads each consistmg of 
many cells The number of legetatne dnisions is vei^* great In Bacillus 
sessihs, according to Klein , spore formation takes place, imder sunilar con- 
ditions, after only a few di\ isions (about S) How e\ er, one can prevent sporula- 
tion m both species when one transfers the culture, before sporulation, mto a 
fresh medium Thus, m this case, an external factor, the transfer to a fresh 
medium, hmders sporulation Therefore, sporulation must not necessanlj^ 
follow a defimte number of di\ isions When one obseix es m a moist chamber a 
droplet of bouillon contammg a few spores of Bacillus subiilis, one finaUj obseiwes 


numerous cells, or threads, which developed from the few spores In another 
droplet of bouillon which contained a himdred times more spores than the first, 
the number of cells at the end of \ egetative growth, when spores are formed, is 
not substantially larger than in the preparation inoculated with a few spores 
Spore formation takes place when for a defimte amount of nutnents a defimte 
number of cells have been formed, regardless of the number of spores moculated 
Consequently, spore formation takes place w hen the medium becomes unsmtable 
for vegetative growth ” (Translated by the re^newer ) 

These simple e\-penments performed b} hligula showed clearty that for any 
given organism the number of vegetativ e cells formed m a culture before spore 
ormation depends on the amoimt of aA ailable food m the medium However, 
ey did not settle the question of whether or not the formation of spores m a 
^®Sins at a defimte stage of development of that culture 
u jTug B megatherium, Hennci (73) wrote “It will be noted that 
^ore ormation commenced practically at the pomt of inflection between the 
ogandimic growth phase and the restmg phase Smee spore formation 
c acteristic of the restmg phase, the rate of spore formation should be 
the^snce by those factors which also tend to influence the rate of growth and 
re\ne°”d growth curve ” From his study of B cohaerens, which was 

the i^te ^ ^ previous section, he concluded “It would appear, therefore, that 
but rath*^ ^ore formation is deterrmned not by the concentration of cells alone, 
stuff m m^dmm^'^ population m relation to concentration of food- 

iec^de?S!d^*'°°^ sporulation withm the colony may be 

surface cl several headmgs In Clostndvum acetobutyheum, sub- 

sporulation^^^^ ^orulate prmcipaUy at the penphery, m surface colomes 
surface col ^ ^ the central and basal portions In C pasteunanum, 

however on^^^K ^ show a regular pattern of sporulation In old colomes, 
spores in the ^ ^ transition from vegetative cells at the margins to mature 

rm e, the mtermediate zones contam young sporangia In B 
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o^s%to subsurface colomcs sporuJafe only at £he penpheiy Surface 
cutaes teud to yondate at the surface when the medmaj coutams a ,elat.v,V 
gn agar coacentration and a relatively low glucose concentration When the 
medi^ contains an excess of CaCO,, sporuktion tends to be profuse 
c Presence of other bacierm It was noted by Brefeld (10) that sporulation m 
3 euotuis fails or is strongly hindered in mixed cultures 
Sunonds (157, 158) observed that “In the mixed fecal flora, the bacillus welchu 
may sporulate even in the presence of free acid or fermentable carbohydrate 
That this abihty to sporulate in the presence of free acid or fermentable sugar 
depends upon symbiotic relations of the bacillus welchu with one or more species 
other than the colon baciUua, is mdicated by the negative results obtamed when 
a pure culture of the bacillus welciui was grown m symbiosis with a pure culture 
of the colon bacillus ” 

Discussion The Lterature reviewed above shows that the formation of 
endospores by certam bacteria is a normal process, hi^y sensitive to the en- 
vironment A number of those who mvestigated the effect of the environment 
attempted to answer the question What is it that mduces bacteria to form 
endospores m an environment favorable for that process? In a discussion of 
this question, Knaysi (91) wrote “In studying the environmental factors whidi 
affect the formation of endospores, the vanous mvestigators have dealt with 
each factor as an mdependent variable In reahty, those factors are so mter- 
related that the proper evaluation of any one factor is not possible unless its 
relation to other factors is elucidated This requires farmhanty with the physi- 
ological behavior of the organism mvestigated In the case of strain Cj of B 
mycoides, and mdeed of a number of other members of the genus Bacillus with 
which we are f amiliar , it is important to know that the temperature, the con- 
centration of oxygen, the state and density of the population, the utilisation of 
nutrients, the accumulation of the by-products of metabolism, the spontaneously 
developed pH, etc , are mtimately mterrelated In the presence of a fermentable 
sugar, the organism can grow anaerobically, but the acid by-products of gly- 
colysis, chiefly lactic acid, accumulate and the pH drops to a minimum which 
vanes with the medium, under stnctly anaerobic conditions, endospores are not 
formed Now what is the hrmtmg factor? Is it the absence of oxygen or is it 
the accumulation of the acid by-products? When oxygen is plentiful, oxidation 
IS usually immediate and complete, the pH drops only slight^- and then rises to 
a maximum Under these conditions endospores are formed, but only ^ fte 
alkalmity of the culture has considerably risen Now what caused the forma- 
tion of endospores? Is it the presence of oxygen, or the alkalimty, or the ex- 
haustion of the nutnents? Spores are formed best on the surfaw of a soU 
medium Is it because of greater availabihty of oxj^a or is ^^cauj^ o 
gradual diymg? AU those questions must be answered before a clear p ^ 
oi the coSions necessary, helpful, or detrimental for sporulation are clearly 

^Syl than proceeds to analyse his own data, foUowmg 

writes “The only possible conclusion to be drawn from this work with strain 
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Cs of Bacilbis mycoidcs is that endosporcs arc formed m an aerobic environment 
by healthy cells facmg staiaation In drawing this ob\ious conclusion, we 
do not wish to be accused of tcleologic tendencies which arc detrimental to a 
final solution of the mechamsm of sporulation To sa} that colls stan cd m the 
presence of oxj'gcn proceed to form endosporcs is to acknowledge a biological 
fact the depletion of nutrients induces the cell to sponilate is a question 

yet to be answered At the present, one can mereh’’ speculate ” 

The conclusion that an endospore is formed bj a health) cell facing starvation 
is undoubtedl) true for all strongly aerobic members of Bacillus, it is also likely 
to be true, after due consideration of ph) siological peculiarities, for other mem- 
bers of this genus as well as for Closlndnnn .Vlthough there is a paucity of 
data about sporulation m anaerobic organi‘:ms, a\ ailablc information indicates 
that it IS not goiemed b) a law fundamental!) diflcrcnt from the one that 
governs sporulation m B mycoidcs 


Gcnmnaiion 

When a viable endospore is placed m a suitable cm ironment, it proceeds to 
germmate For any one spore, germination is a gradual process which is 
arbitrarily considered to begin as the spore begins to swell and lose m refnngence 
^ I spore sheds its coat, to end as the germ cell emerges from the 

coa WTien the spore “absorbs its coat,” it is ver) difficult to set eien an 
arbitral)- hmit for the termination of the process Swann (161), stud)Tng B 
ani racis, efined the penod of germmation as the tunc which elapses between 
toe commencement of mcubation and the first dnision of the germ ceU The 
e it es a spore to germmate vanes considerabl) with the stram and with 
e emironinent Spores of a giien stram, howcier, do not all germinate 
om aneo y m the same emuronment, and the germmation penod for the 
am K a ^atistical figure When the spores are not unusually old and have 
0 ere mjui)-, the differences between germmation penods of any two 
^ iMjont)- IS much smaller than the germmation penod of either 
tim ^ ™ere usually are m every culture spores which may take several 

effect of the average germmation penod Swann (161) studied the 

47 da ° germmation m B anthracis He found that age, up to 

nioist ^^’9 ^ effect on the genmnation penod, provided the spores are kept 
Swaim cultures, however, required much longer tune 

7 davs dead any spore of B antliracis which did not genmnate m 

SDoii., (0 + o j concluded that "about 5 per cent of young anthrax 

are denrl » q of old dned spores (1 year old) 

coimtinT apparendy unaware of the work done, chiefly m this 

Del ’ T ^ delayed germmation or “dormancy” of endosporcs 

®Porc2 subjected to sublethal heat was observed by 
(44^4.'5)™ Eckelmann (51) Burke (16), Dickson et al 

of nnJi j -^^ckson (43), recorded long penods of dormancy m heated spores 
C ^^uhnum Burke (17) obsen-ed dormancy m unheated spores of 

oominurn, Burke et al (18), m unheated spores of B subhlts and B 
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megathenum It was believed that dormancy is a natural phenomenon inherent 
m the spore, md that this "normal” tendency is intensified by mjuiy from heat 
omson and Rettger (128, 129) made a comprehensive study of this 
phenomenon m several members of Bcu^lus and concluded “that the dormancy 
of Mrobic bactenal spores is largely, if not entirely, determined by conditions 
m the environment of the spores, and that these factors must be taken mto 
consideration, perhaps specifically for each species, before so-called ‘inherent’ 
or ‘normal’ dormancy of bactenal spores can be established ” The reviewer’s 
sympathy with this mterpretation will be shown below, m the discussion See 
also (172) and (29) 

The environmental factors mvestigated m relation to- spore germination are 
temperature, composition of the medium (not mcludmg oxygen), molecular 
oxygen, pH, osmotic pressure, and surface tension of the medium, hght 
1 Temperature a Temperature of incubation Figures on germination 
penods of many spore-fonnmg bacteria at vanous temperatures may be found 
m a number of the papers referred to m this review These figures vaiy with 
the orgamsm and temperature from about an hour to days In most of the 
common members of BaciUus, the majority of the spores of a culture germinate, 
near the optimum temperature, withm a time mterval of 1 to 4 hours 
Of considerable mtereat is the relation of the cardinal pomts of germmation 
to those of growth and spore formation Of the 28 members of BaciUus studied 
by Blau (9), 22 had the same maxima for both spore germination and growth, 
four {B alvei, B carolarum, B robur, and B simplex) had higher maxuna for 
growth than for germination, and only two (B asterosporus and B sphaencua) 
had higher maxima for germination than for growth Hoizmuller (76) con- 
cluded, ^om a study of 5 strains of B mycotdes and 4 other related species, that, 
for any stram, the optima for germination and for growth were the same, 
but that th^Uemperature range for germination was narrower than that for 
growth 

1” temperature When a spore-contammg culture is 

to a temperature above “that” which kills the vegeta- 

which kills the spores and then used to moculate a 

IS usually endowed with considerable xugor This 

13 the basis for the practiAof “heat-shockmg” cultures which had deteriorated 

m certam respects becauseV frequent transferring or other gro con i ions 

The effect has been attnbW to the elimination of vegetative cefis among 

which may be undesirable d*«ak variants Although ^ is “ 

of the chief results of the profc. ^ ^o^k of Evans and Cun^ 

Curran and Evans (31) showl^t spores B 

7 «ot, B cereus, B subiats, B cohaerens. B 

mesophihc strains, these authors found that 
to 10 mmutes accelerated their germmation 
, j 1 j nntiire of the medium m which the spores 

Th. sHect however, de,»Mled oo?* „ „h.eh they we« 

were heated and mcubated, and i P^ ° . Iiroth accelerated 

heated Heatmg m distilled wat>«i mcubatmg m glucose 


b Exposure to 
exposed, for a short pei 
tive cells and below “tb! 
fresh medium, the subcu 


the treatment With B megt 
fusiformts, and other unidentifii 
exposure of the spores to 85 C fo; 
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germination in 5 out of 9 cultures, heatmg and mcubatmg m glucose broth 
activated seven, heatmg and mcubatmg m evaporated milk activated aU 9 
cultures Spores heated and held m distiUed water retamed their altered 
capacity for gennmation after one week Similar observations were made on 
12 thermotolerant or thermophihc cultures of Bacillus Without heat treat- 
ment, a large proportion of the potentially \Table spores did not germinate 
NaCl (0 5 per cent) had a depressmg effect 
2 Composiiion of the medium Cohn (23) observed that the spores of B 
siibtilis did not germinate m the medium where they were formed, but only when 
transferred to a fresh medium A sumlar observation was made by Koch (104) 
on B anihracis On the other hand, Preisz (142) attnbuted the formation of 
secondary colomes by B anthracis to gennmation of spores and subsequent 
growth of the vegetative cells The recent work of Knaysi (91, 92) with stram 
Cs of B mycoides showed that the limi ting factor for the germination of endo- 
spores m their mother culture is food When traces of tryptone or broth are 
added to a culture which already sporulated, germination follows In slant 
cultures, germination may be due to the diffusion of nutnents from remote 
parts of the slant, m aerated, hqmd cultures, it may be mduced by mcreasmg 
the rate of aeration Knaysi, Baker, and Hdher (99) considered the trans- 
parency of certam spores m their mother cultures as evidence of mcipient 
gennmation 

a Kind of nidnents It was stated by Holzmuller (76) that the spores of 
several strains of B mycoides and related organisms do not germinate m distilled 
water or m physiological NaCl solution Knaysi (92) confirmed this with 
stram Co of B mycoides and further found that the washed spores of this organism 
do not gennmate m the foUowmg solutions potassium phosphate, potassium 
mtrate, lactose, potassium phosphate and mtrate, potassium phosphate and 
mtrate -b lactose Lactose is not utilized by this organism On the other 
hand, the spores “are able to germinate normally m a solution of glucose 
without the addition of a source of mtrogen When this glucose solution is 
buffered with potassium phosphate at a pH of about 7, germination is 
followed by growth and sporulation It is concluded that endospores of the 
stram mvestigated contam relatively large amounts of a mtrogen-contammg 
reserve material not smtable as a source of energy, and that they contam no 
other reserve material for that purpose” {i e , for energy) Knaysi and Baker 
(98) made use of these observations to obtam vegetative cells of B mycoides 
transparent to electrons of moderate velocities and found that the source of 
mtrogen present m the spore has the physiological and staining properties of 
ribonucleic acid 

When the spore suspension of stram Cj of B mycoides is not much more than 
two weeks old at room temperature (25 to 27 C) and was prepared from slant 
cultures containmg meat infusion and glucose and not much more than one 
week old at room temperature, many spores germinate and the germ cells grow 
and multiply m a solution of glucose and sodium acetate without the addition 
of other mmeral salts or of metabohtes to the solution 



66 


geohoes knatbi 


[VOE 12 


b Conceniralion ofnuinents Since the endo^ores of B mycoides, Ct do not 
ge^te in distilled water or m aolutions of vanoua salts Eo geiCte 
rad the vegetative cells and form spores on bacto agar gel, prepared with 
cUstiUed water rad to which no nutnents were added (92), there must be a 
mmnnum concentration of food below which germination does not take place 
Obviously, this minimum must be veiy low Smce the spore contains a source 
of nitrogen rad phosphorus, germmation is possible without the addition of 
extraneous sources of these elements The minimum for the source of energy 
has not been detemuned but is, doubtless, below 0 1 per cent of glucose In 
solutions of peptone, which is both a source of mtrogen and a source of energy, 
the minimum concentration is, accordmg to Curran (26), 0 025 per cent 
The effect of mcreasmg the concentration of food seems to depend on the 
osmotic pressure (76) Curran (26) observed considerable retardation of germi- 
nation m 10 per cent peptone solution compared to 1 per cent solution The 
effect of substances which do not materially affect the osmotic pressure has not 
been studied It is possible that high concentrations of such substances will 
also cause inhibition by rcducmg the amount of available moisture 
3 Molecular oxygen Holzmfiller (76) stated that the oxygen of the air has 
no effect on the spore germination of facultative bactena Leifson (113) deter- 
mined the maximum pressures of molecular oxygen which allow growth of 
several common members of the genus Chstndmm, rad the minimum pressures 
which allow the growth of four common members of BaciSus C boluUnum, C 
ietant, C novyt, C oedematxens, rad C sepitque were inhibited by an oxygen 
pressure equivalent to 2 cm of mercury C chawei rad C sporogenes greyr at 
that pressure B anthracis rad B cerem did not grow below 2 cm, mlgaius 
was practically inhibited by 1 cm, B arculans grew without molecular oxygen 
In tte work, there is no direct reference to germination Knaysi and Dutky 
(100) inhibit^ the growth of a stram belongmg to the group of C buiyltcim by 
ra air pressure equivalent to 270 to 290 mm of mercuiy in broth eontammg 
meat extract, peptone, and glucose, here also, no reference is made to gemma 
tion Knaysi rad Gunsalus (101) showed that the Marburg stram and the 
Ford and Lawrence strain of B sublUta grew anaerobically m the presence of a 
source of energy that can be utihzed anaerobically, such as a fermentable sn^ 

^ Cancentralton of hydrogen wna It was observed by Knaysi (92) that 
washed endospores of B myandes, Cj, mcubated m a solution of 
glucose and potassium nitrate, have a tendency to germinate 
typical germination is observ^ only until the pH drops to a value some ere 
between 5 rad 6 Below this pH, the vegetative cells ali^dy foimed are 
to survive, rad typical germination is inhibited probably ° ^{,3 

Btruction of potential cells m the early sta^s J^ged 

ceUular elements m such suspensions consist of a reduced 
spores with'pairs or clumps of vanous si^ m and 

apparently shrunken endospores are found ^ 

sSl fragments, ocLonally, a refractive body "^ded : 

cracked exme ’’ The minimum pH reached when endospores a suspen 


a 
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an vinbuffered solution of glucose is 4 S, m a solution of glucose and potassium 
mtrate the pH reaches 4 0 or shghtlj' belou' In the latter solution, a suspension 
of vegetative cells reaches a minimum pH of on!}’ 5 0 to 5 2 “The difference 
must be sought not only m the loiv permeabihty of the e\me, but also possibly 
m a greater concentration of nondiffusible substances m the endospore, as 
would be expected from a Dorman eqmhbnum In anj’’ case, it is probable that 
the mtemal pH of the vegetatii e cell m the solution of glucose + KNO3 at pH 5 
is about the same as that of the endospore m a sumlar solution at pH 4 0 The 
value of that mtemal pH is of considerable importance and should correspond 
to the level of acidity at which the enzymes which take part m the fermentation 
of glucose are inhibited ” 

5 Osmotic pressure of the inediim HolzmuUer (76) studied the effect of 
osmotic pressure of the medium on the spore germmation of five strains of B 
mycoides and four related species, and concluded that there is an optimum 
osmotic pressure which vanes with the stram When the osmotic pressure of 
the medium is below the optimum, the addition of sodium chloride enhances 
germmation, when it is above the optimum, it retards it HolzmuUer also 
concluded that the osmotic pressure of a nutnent medium is more important for 
germination than the kmds of nutnents it contains The effect of the osmotic 
pressure on growth is different from its effect on germination In a medium of 
low osmotic pressure, growth is not enhanced by the addition of sodium chlonde 
Furthermore, growth may be ver}' slow m a medium of optimum osmotic pressure 
for germmation 

Eijkman (55) detennmed the minimum mhibitmg concentrations of a number 
of substances on the spore genmnation of B anthracis On the basis of the 
behavior of these substances, they were divided mto 3 groups The first group 
(e g , NaCl, KNOj, glucose) owe their mhibitmg action to their osmotic pressure, 
the mhibitmg pressure corresponds to a depression of the freezmg pomt of about 
3 5 C The second group (e g , NH^Cl, NajHPO^) inhibit germmation at a 
pressure below that of the first group, therefore, their action is due only partly 
to osmotic pressure, the third group (urea, methyl and ethyl alcohol) exert no 
osmotic effect Eijkman attnbutes the behavior of the third group to perme- 
abihty and suggests that the endospore may not be as isolated from its environ- 
ment as usually presumed 

More recently, the effect of osmotic pressure on germmation of the spores of 
mycoides was carefully mvestigated by Curran (26) His observations are 
snmm prized as follows “1 Genmnation of spores is most rapid and complete 
a re lively low osmotic pressure 2 The osmotic tension necessary for opti- 
muin germination is defimtely lower than that required for maximum vegetative 

eve oiment 3 The exact osmotic pressure at which optimum germmation 
occ^ epen upon the nature of the nutnent matenal, the more smtable or 
rea 3 ara ble the food the lower the osmotic pressure at which optimum 
^nnma ion occurs 4 There is a defimte minimum concentration of food 
5 Sormination occurs, irrespective of the osmotic pressure 

e ciency of food 13 probably the hmitmg factor m most low pressure 
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nqmnf!ri these experiments there was no evidence to mdicate a purely 
orotic limitation in low pressure solutions 7 When the minimum nutn^ 

Jln^tmnTT^ "" germination are exceeded, an increased con- 

centration of food may retard the rate of genmnation due to the unfavorable 
osmotic pressure c^ted by the added nutnente Under such conditions a 
of^ution will accelerate the rate of germination Convereely, 
mcreasmg the food supply mcreases the rate of germination only when the 
nutnent concentration is below the cntical minimum 8 There is a rather 

pressure for germination This corresponds roughly 
to 36-46 atmospheres " 

6 Surface tension According to Curran (27), surface tension is not a signifi- 
cant factor m the germination of the spores of B mycotdes A reduction m 
surface tension from 50 to 43 4 dynes had no appreciable effect upon either the 
rate of germination or the total percentage of viable spores At 35 1 dynes, 
the rate of germination was shghtly retarded and the total percentage of spores 
which germinated withm 5 hours was shghtly reduced At 30 7 dynes, about 
60 per cent of the spores were able to germinate withm 6 hours Curran con- 
cluded “Depression of the surface tension can not be rehed upon to prevent 
or accelerate spore germination under ordinary conditions ” 

7 Light HolzmOUer (76) stated that diffuse hght has no effect on germina- 
tion, growth, or sporulation The effect of direct sunhght was reviewed m the 
section on the relation of the environment to endospore formation 

8 Oxtdaiton-Reduclion Potenlial The relation of the oxidation-reduction 
potential of the medium to the growth of anaerobic bactena was first pomted out 
by Clark (21a) and subsequently confirmed and extended to other bactena 
by many investigators (21c, 47a, la, b, 100, 99a, 172a, 130a, and others) The 
effect of potential is most obvious m the mitiation of growth of small mocula, 
or when the cells had sustamed certam injury, or when the bactena are moculated 
mto unusual media However, moculatiou into a medium of a suitable poten- 
tial, aU other factors bemg the same, always results m faster and more vigorous 
growth in the early stages of the culture Oxygen plays a double rdle, the first 
specific, the second nonspecific by affectmg the potential of the medium These 
two rdles have often been confused 

Smce the genmnation of spores involves growth, it should be affected by the 
oxidation-reduction potential of the medium Indeed, Rides (61a) showed 
that the spores of Clostridium telani germinate only when the potential of the 
medium is below a certam value RecenUy, Enaym (97a) observed tb&t germ 
matiou of the spores of BactUue mycoides m a solution of glucose and sodium 
acetate is favored when the solution is freshly autockved or when tree® of 
phosphate are added The effect of autoclaving and of the 
gemmation was related to their effect on the potential of the ^ 

Lneficial effect on germmahon of preheatmg spores f 
(60, 31) can also be readily L^Iated to the u^uence of heat on the potentia 

the medium and on the infhmal potential of the spores m^Iving 

Z)^«m Normal gemmation of the endospore IS a process mvo. 
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growth, and is affected by factors which affect growth Indeed, germination 
IS growth m a special environment nch m mtrogen supply and partly protected 
from the external medium usually by a double coat Any genume difference 
between growth and germmation must be attributed to that circumstance 
For instance, germmation may take place below the limitmg pH for growth 
because it is unlikely that a given pH of the external medium corresponds to the 
same pH withm the spore and withm the vegetative cell (92) , or germination 
may appear to have less nutritional requirements than growth of the vegetative 
cell because the required substances may be present m the spore and are not 
easily lost by washing because of the low permeabihty of the spore coats It 
must be emphasized, however, that dunng germination the spore acquires 
vegetative characteristics and, if external conditions are mumcal to growth, 
germmation may never be completed or, if completed, the germ cell may perish 
The question of whether or not there are spores which remam dormant for 
prolonged penods m an environment smtable for germmation needs further 
consideration Without wishmg to deny the theoretical possibility of the 
existence of rare spores completely impermeable to food material, or genetically 
defective, the reviewer finds no sound, experimental basis for the phenomenon of 
dormancy Long and careful study of the mmimum requirements for spore 
germination m stram Ci of B mycotdes, m connection with the development of 
vegetative cells transparent to electrons, led the reviewer to the conclusion that 
normal, mature spores of this organism are able to germinate m a solution of 
glucose and sodium acetate, and that this abihty is enhanced when the sugar 
IS activated by heat or by traces of potassium phosphate When the spores are 
allowed to age, m culture or m aqueous suspension, their abihty to gennmate 
IS decreased and they gradually fail to respond to activation of the sugar by heat 
or, later, by phosphate These spores are “dormant” m the glucose, acetate 
solution, for the addition of a small quantity of yeast extract, or of tryptone, 
mduces many of them to gennmate Indeed, it is possible to raise, at will, the 
percentage of germinatmg spores by controUmg the composition and the reduc- 
tion potential of the medium It seems that the normal, mature spore contains 
all that IS needed to germinate other than a source of energy They contam 
enzymes (52, 53, 152, 24, 163, 167), a source of mtrogen and phosphorus (92, 98), 
and vanous mmerals such as Ca, K, Cu, and hln (28) It seems that agmg 
mvolves leakage or destruction of a substance, or substances, necessary for 
growth, and which must be supphed m the medium The poor germinabihty 
of dned spores is probably due to destruction by oxidation The "dormancy” 
of some heated spores is largely due to leakage because of an mcreased penne- 
abiht 3 % smee heated spores, accordmg to Effront (53), are enz 3 TnaticalIy more 
active the more difficult their germmation Thus the reviewer is mchned to 
agree mth Momson and Rettger (129) who wrote “Experimental evidence, 
IS presented to show that the dormancy of aerobic bacterial spores is largely 
if not entirelj’’, determined by conditions m the environment of the spores,” 
and with Curran and Evans (29) that “bacterial spores which survive drastic 
killmg influences are much more exactmg m their nutntive requirements than 
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cytochejMical interpretation of the mechanism of 

PENICILLIN ACTION! 

ROBERTSON PRATT axd JEAN DUFEENOY 
Umvemty of Cahfomta College of Pharmacy, The Medical Center, San Francisco 

“Among the lower beings, even more than among the higher 
animals and plant species, life de3tro3’s life ” 

Pasteur and Joubert (1S77) 

According to current usage, the term antibiotic designates a product of the 
metabolism of one microorganism that is antagomstic to the continuation of the 
normal life actmties of another microorgamsm when present ei en m vei^’’ low 
concentrations Smee the early hterature on antibiosis has been covered 
extensive!}^ (4, 7, 29, 70, 71, 145, 190), we shall dispense with this phase of the 
subject 

The pemcilhns owe their outstandmg therapeutic position to the fact that 
thej' exert a strong selectn e action agamst certam tj'pes of bactena m concentra- 
tions far below those required to produce appreciable effects on animal tissues 
They may be considered nrtuaUy non-toxic The actmti^. A, of an antiseptic 
may be expressed m terms of the maximum volume (m ml) of broth m which 1 
gram of compound wiU inhi bit the growth of a test organism , and the toxicity, 
T, may be expressed as the maximum weight (m g) of some sintable laboratory 
animal that can be killed by mjection of a hke quantity of the same compound 
The ratio, A/T, maj’- be used as an mdex of relative actmt 5 ’' and toxicity Ac- 
cordmg to this sj^em, a large number mdicates relativelj’’ low toxicity and a 
small number relatively high toxicity m comparison with activity IJsmg 
Staphylococcus aureus as the test pathogen and adult mice (20 g each, mjected 
mtrapentoneaUy) as test animals, the A/T ratio has been found to be 3 for 
anemomn, a veiy toxic compound, 100 for sulfathiazole, and greater than 100,000 
for pemedim (28) 

The virtual lack of toxicitj’’ of pemcdlm was recogmzed at an early date when 
it was shown m 1944 that any toxicitj’’ of purified pemcdlm salts could veiy 
likely be attnbuted to the cation It was found that the toxicity of the sodium, 
ammomum, strontium, calcium, magnesium and potassium salts of pemedhn 
ranked m the same order as that of the acetates, which have a non-toxic amon 
(198) 

The only unfavorable physiological effects that have been reported, apart 
from the urticaria that occasionally develops m sensitive mdividuals, are delayed 
clottmg of blood (69a, 123), the precipitation of comndsions foUowmg mtra- 
thecal mjection (192), and partial inhibition of phagocytosis (197) With 
regard to the first of these observations, however, it should be pomted out that a 
contradictoi^’- report has been pubhshed, i e , that pemcdlm accelerates clottmg 

* This work was supported, in part, by a generous research grant from the Cutter Labo- 
ratones, Berkeley, California 
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(131) The discrepancy m observations may be due to the -mrlplv . 
Sta (."“'T employed The other reported mtoweri 

The pemciUms are furth^ charactenzed by the fact that they inhibit suscepti- 
ble bactena more effectively both in mo and in mtro when the environment is 
most favorable for growth and by the fact that withm wide limits their activity 
IS not ^ected by the number of bactena present (16) whereas many other 
chemotherapeutic agents are less effective if contammation is heavy 


BOMB IMPORTANT CHARACTBEISTICS OP THE PENICILUNS 

The penicilhns comprise a family of antibiobcs that are bio^thesized by 
several species of molds, notably pemcilha belongmg to the notatum-chiyso- 
genum group More than a dozen penicillins are recogmzed to occur naturally 
and from some of these (prmcipaliy penicilhn X) many denvatives have been 
prepared However, only five penicilhns are commonly encountered, all pos- 
Bessmg the same fundamental chemical structure 


H H H 

N-C*-C*-S-C(CH,)j 

E— 0 i — i i'cooH 

I I 


They are characterized stereochemically by the three asymmetnc carbons 
(starred m the above formula) which are responsible for the optical rotation of 
their solutions The several peniciUms differ markedly m their pK values, their 
distnbution between polar and non-polar solvents, and their biological activity 
tn intro and tn moo accordmg to the character of the R group (table 1) 

Laboratory expenmente with animals, and clinical trials and evaluations have 
shown that the relative effectiveness of the different pemcillms tn mvo depends 
upon the rate of excretion, degree of protem-bmdmg m the blood, the patliogen 
mvolved, and several other factors In practice, benzyl pemcilhn (pemcilhn G) 
has been found to be the most generally useful (38, 59, 60, 61, 99, 101, 166) 

In this paper, foUowmg established custom, the term pemcilhn will be used 
to designate a salt of benzyl pemciUm unless otherwise specified An average 
effective therapeutic blood level of peniciUin for systemic treatment of many 
infections is considered to be aboyt 0 076 unit per ml of serum Since one unit 


of the pure sodium salt of benzyl pemcilhn weighs 0 6 microgram, an avera^ 
effective therapeutic serum level represents a dilution of 1 part m approximately 
22 miJhon For infections due to highly sensitive organisms, serum levels ot 
0 03 umts per ml (1 part penicillin m approximately 55 million) often are ade- 
quate Solutions contammg 0 1 unit pemciUm per ml, or 1 p^ m 
16 6 milhon, have been shown to be lethal tn mlro to XbvTSh 

Slaphplococcus aureus These concentrations are far l^low ^ 

bactenal concentrations of other antibiotics and of the commonly empoyed 
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antiseptics A comparison of the in in/ro activity of penicillin with some other 
antibiotics is shown m table 2 It should be pointed out, however, that the 
figures are based on agar plate assays and that the results obtained by this tech- 
mque depend not only on biological phenomena, but also on the physical phenom- 
enon of diffusion Consequently, since the molecules of some of the com- 
pounds may not diffuse as readily as those of others, the exact order of activity 
for some of the compounds is different in senal dilution tests, although by this 
test also pemcillin ranks first in effectiveness 
As has been pointed out by Dubos (51, 52, 53) and others, the fact that pem- 
cillm exerts a strong selective action m relatively low concentrations against 
many types of bactenal cells without manifesting any appreciable toxicity 
toward other hmng structures mdicates that it does not owe its action to a 
general or non-specific protoplasmic poisomng as do many cell poisons such as 
the halogens, salts of heavy metals, phenols, etc , but suggests rather, that its 

TABLE 1 


Characteristics of Jive common penicillins’' 


R cron? j 

COUUON HAUZ 

UOU WT 

0? Na 

PK 

IN VlTKO ACTlVll'Y* 
(WITS/UO) AOAINST 

Ctrboiyl residue 

[ Acetamide Uatese 


SAa.T 




pbenylacetic 

1 

benzyl 

G 

356 2 

2 5 

s 

1,667 

p hydroxy -phenyl- 

p-hydroxy-benzyl 

X 

372 2 

2 5 


1,500 

acetic 






3-hexenoio (hydro- 

A* pentenyl 

F 

334 2 

2 7 

1,500 

970 

sorbic) 





caproic 

n-amyl 

di hydro F 

335 2 

2 7- 

? 

? 

octanoio (caprylic) 

n-heptyl j 


364 3 

5 0 

2 300 

700 


“ Compiled from data of Schmidt, Ward and Coghill (165), Goodall and Levi (86, 87), 
Henry and Housewnght (95), and unpublished data from the Cutter Laboratories 
^ Determined by standard 16 hour cyhnder-plate assays 


effect IS highly specific Evidence to support this idea is provided by the facts 
that microorganisms are most susceptible to the action of pemcilhn when they 
are m the loganthmic phase of growth and that mcorporation in the media of 
growth stimulatmg substances enhances the action of pemcilhn m mlro (17, 35, 
100, 102, 105, 113, 128, 154) Thus when the cells are dividmg most rapidly, 
and are exhibitmg the greatest need for oxj'gen, they are most sensitive to the 
action of pemcilhn Conversely, conditions (such as low temperature) which 
decrease the rate of division, tend to decrease the susceptibihty of bactena to 
the kilhng power of pemcilhn (35, 103, 111) In this connection it is mterestmg 
to note that strains of staphylococci that are resistant to pemcilhn have been 
reported to be characterized by depressed growth rates (72, 75) 

Strains of organisms that become resistant to one type of pemcilhn become 
correspondmgly resistant to the others (62) as would be predicted, smee pem- 
cilhn-fastness depends upon the slowmg down of metabohe rates It should be 
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noted, however, that aequmri 'fastoesi” to ponicdhn .5 ody temporary The 
oteamsnm mton dter eeverd gmremtrons, to then nomml mte. 0 ! grorth „d 
become susceptible again to the action of pemcilhn (184) 


AMORPHOUS V6 CRTSTAiLINB PENICILLIN 

"ae earher reports on the mechanism of pemcilhn action were based on studies 
with impure pemciUms Among the impunties that may be found in such 


TABLE 2 

Parts per Tnillum of anlxbiolicis required to produce inhibition zones SO mm in diameter on 
standard assay plates seeded with Staphylococcus aureus 


AHTIBIonC 

mt 

JLTJTHOKrtS 

1 Pemcilhn 

1 

Abraham and Cham (1) 

2 Helvohc acid 

6 

Cham el al (3i) 

3 Mycophenohc acid 

31 

Clutterbuck and RaiatncL (37) 

Florey el al (73) 

4 Protoactinomycm 

200 

Gardner and Cham (81) 

5 Citnmn 

62 

Tauber el al (180) 

Heathenngton and Raiatncl. (94) 

6 Gliotoxin 

31 

Weindhng (195) 

Johnson el al (107) 

7 Puberoho acid 

200 

Oxford el al (142) 

8 Fumigatm 

1,000 

Anslow and Raistnck (5) 

Oxford and Raistnok (140) 

9 Spinuloam 

4,000 

Birijnahaw and EaistncL (21) 

1 Anslow and Raistnck. (6) 

10 Anhydro-3-hydroxy methylene 
tetrahydropyrone 2 carb- 
oxylic acid^ 

100 

Cham el al (33a) 

11 AspergiUic acid 

1,000 

White and HiU (201) 

Men^e) el al (126) 

12 Pemcilhc acid 

1,000 

Birkmsliaw el al (19) 

Oxford el al (141) 

13 Kojic acid 

6,666 

Birkmahaw el al (18, 20) 

Jennings and Wdhams (106) 

14 Streptomycin 

600 

Schatz el al (163) 

Schenck and Spielman (164) 


» Calculated and rearranged from data compiled by Heatlj and Phdpot (93) 

» Vanously named expansin, clavatin, clavacin, clavifonmn, patulin, pemcidin 


preparations are mdole-acetic acid (12, 46, 47). phenylacetic acid ( 13 ), ortho- 
hydroxy-phenylacetic acid (67), members of vita^ comple^ (162), imd other 
unidentified growth regulatmg factors (11, 41, 42, 48, 118, 119, 126, 129, ) 

It IS difficult^ many cases, therefore, properly to eialuate 

01 the recorded nsolte (163) lo cow ,STe prSrt 

grsphieo of the early rcork tae been pubtehed (14, ,4. 

Sssion IS limited to studies with ciystallme pemcilhn or to effects ob en 
m Se eX wk and snbsequently aubatmatmted wth cnwtailme pemedto 
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One current trend m research nuns at identifjnng chemically the vanous sub- 
stances that may be present m impure penicillms and vrluch at proper concentra- 
tions may shorten the lag penod, before the onset of loganthmic growth m 
cultures of bactena This work takes on added significance in new of the 
recently renewed mterest m amorphous (impure) penicillin, some lots of which 
have been shown to contain a factor or factors that arc themselves mactive but 
that are capable of mcreasmg markedl 3 ' the effectiveness of pure pemcilhn tn 
vitro (57), and especiallj’- mteresting, its therapeutic effectiveness tn vivo (101, 
199) Some of these enhancmg factors niav’’ prov e to be subtances that affect 
the sj^tems regulatmg the respirator^’- processes of the pathogen cells, so that 
the cells become more susceptible to the action of penicillin It has been shown, 
for example, that small amounts of cobalt salts, i\ hich hav e been long known to 
function m ox 3 'gen transfer, when appropriate^ used, increase several fold the 
bactencidal activitj'- of low concentrations of pemcilhn tn vitro (179) Similar^ 
the therapeutic effectiveness of pemcdlm in vno maj^ be doubled by appropnate 
use of cobalt (150) The observ'ation that cultunng bactena m the presence of 
phenylacetates activates the dehj drogenases mv olv’ed in the oxidation of mande- 
late and benzaldehj^de (178) mav' afford a basis for elucidating the sigmficance of 
phenj'-lacetic acid and its denvatives as co-factors m “amorphous” pemcillins 

It IS recogmzed that solutions prepared from amorphous pemcilhn are more 
stable than are those prepared from crj'stalhne pemcilhn (45, 132, 173) This 
has been ascnbed to the buffermg action, and consequent protective effect, of 
the impurities present m the amorphous product It seems hkelj’’, howev’-er, 
that more than mere buffermg is inv’olv ed, smce it has been shown that addition 
of small amounts of phosphate markedlj’- stabihzes solutions of pemcilhn and 
that this effect probablj' cannot be accounted for entirely m terms of pH (146, 
14/) It appears that phosphates or other impunties that are present in amor- 
phous pemcilhns ma}”- bmd cations of v'^anous metals which otherwise might 
slowly destroy the actmtj'- of the pemcilhn through esterification or through 
opemng of the thiazohdme rmg It should be pomted out that cations, such as 
those of heavy metals, etc , that tend to promote mactivation of pemcihm durmg 
storage maj'- actuall}’- enhance its bacteriostatic activuty at the time of contact 
with a hvmg bactenal cell through their abihty to function as oxygen earners 
(see discussion below) 

evedekt effects op penicilles: ox bacteria 

A Morphological — ^It is weU known that bactena imder the influence of 
bactencidal concentrations of pemcilhn uudergo distortion and swelhng and 
ultunate Ij’sis (3, 10, 15, 51, 68, 69, 80, 82, 114, 117, 128, 129, 148, 172, 174, 181, 
182, 194, 196) hlicroscopical exammation of assaj"- plates seeded with different 
test organisms shows that the cells not onlj" mcrease m size, but tend to become 
concatenated In rod forms such as Escherichia coh and Bacillus suhtUis this 

ecomes manifest bj’- dev’elopment of elongated mi'-cehum-hke structures, and 
m cocci by the formation of chains of cells Thus, cells of <S aureus under the 
influence of pemciUm tend to form streptococcus-hke chains, concomitantly 
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loang their gram-poativeness (56) This is foUowed by swelling and abnonnal 
enlargement of the cells It is interesting to note that this tendency toward 
concatenation is also shown m streptococci which, under the influence of pern 
ciUin, tend to fonn longer chains than normal (80) It should be pointed out 
however, that this response is not specific to pemcilhn, since it may be reduced by 
^onamides (83, 121, 187), by norvalme (155, 189) and very markedly by 
bacitracin (unpublished data) At sub-bactencidal concentrations, penicillin 
stimulates metabolism and may act as a “growth factor” re promotmg increase 
of cell size, although at the same time it disharmonizes the processes of cellular 
enlargement and cellular division 

The modification of the geometncal arrangement of the individuals m the 
colony may he correlated with a change m the distnbution of electrostatic 
charges at the cell surfaces Dorfman (49) and Dorfman and Eastorskaya (50) 
went so far as to attribute the action of pemcilhn primarily to this effect, and 
they proposed a method of electrokreetic assay of pemciUre based on the increase 
of f values (electrokreetic potentials) of susceptible bactena under the influence 
of the antibiotic The modification of distribution of electrostatic charges on 
seeded plates exposed to pemciUin can be revealed by flooding the plates with 
suspensions of electropositive or of electronegative particles and by studying the 
sites of flocculation The patterns so revealed (55) can be correlated with the 
patterns revealed by pH indicators and by rH mdicators, and the over-all effect 
can be interpreted m terms of a shift of sulfhydryl ( — SH) to disulfide (S— S), 
of aldehydic COH to carboxyhc COOH or ketomc CO, or of enohc COS to 
ketonic CO 

B Biochemical Effects — Gale and Taylor (79) and Gale (77) showed that one 
of the earhest manifestations of the action of bactenostatic concentrations of 
pemcilhn on aureus is a blocking of the absorption of the essential metabohte, 
glutamic acid Thus their experimental evidence corroborates the earher 
postulate (174) that pemcilhn interferes with the assmiilation of essential growth 
factors by the organism This effect becomes evident after very short contact 
of pemcilhn with the cell, before morphological changes are apparent The 
observation that an imtial biochemically evident effect of pemcilhn is inhibition 
of glutaimc acid assimilation appears extremely significant, smce glutamic acid 
IS a component of glutathione, the activity of the — SH group of which is known 
to depend m large measure on the vicinal NH groups (85) Glutathione or 
pirmlnr sulfhydryl bearing proteins are known to act m the aerobic cell as re^r- 
voirs of H that are capable of promotmg rehydrogenation of the dienol or alde- 
hydic groups that are essential re aerobic respiration In this connection it is 
interesting to note that Speck (177) correlated the activity of en^atic^- 
thesis of glutamine with proteins requirreg sulfhydiyl groups for fuU acti 
Grosaowicz (91) observed that hfmsmo wtraceUAns 'n' 

thetie medrom eootoraig glucose (ork,t.te),gluti.^e th.osulf.te au d 
salts, but that .t » mluteted by cy«»e The ^ 

Koaitive though gtam-uegatave otgamsm ou a reduced 
sulfate) and its mtolerance of a disulfide (cystme) may account t 
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ness to penicillin therapy, and ma}’- pronde a lead to the cytochemical mode of 
action of pemcillm on organisms, irrespective of their reaction to Gram’s stain 
Evidence from cytochemical studies indicates that penicillin exerts its bacteno- 
static action by promotmg dehydrogenation of — SH groups to S — S more 
rapidly than the orgamsms can restore the active sulfhydrjd group (55, 56, 148, 
149) This hj^iothesis is m full agreement with the observation that cysteme 
suppresses the antibactenal actmty of penicillin (30-33) Cavallito and co- 
workers (32, 33) iTSuahzed an inactivation of pemcillm m a direct stoichiometnc 
relation and expressed some surpnse at the abihty of cj-steme to mactivate 
“widely different chemical t 3 'pes of antibiotics”, although they also recognized 
the possibOity that pemcillm action might ini oh e interference with the normal 
functiomng of sulfhj'drjl groups in bacterial metabolism It is imdoubtedly 
true that relatively high concentrations of c 5 'steme maj’’ chemicall}’- mactivate 
pemcillm over a penod of hours (32, 36, 96, 133) Chow and McKee (36) 
showed, for example, that equimolar solutions of pemcillm and cysteme react 
so that positive tests for — SH and NHi m the cj^steme gradually fade, the 
pemcillm bemg concomitantly'' mactivated to pemcilloic acid However, we 
mterpret the fact that cy'steme suppresses or reverses the action of pemcillm 
and other unrelated antibiotics (8, 9, 32), of mercurials (40, 66), and of arsemcals 
(58), when tested by biological assay, as endence for an mdirect action of 
cysteme We propose that its effect, especially when present m low concentra- 
tions, IS exerted not primarily on the antibiotic agent, but rather on the cell of 
the test organism That is, in vivo, cy'steme seir'es mainly as a source of — SH 
groups so that the organism has available a reservoir of sulfhydryl groups sufB- 
cient to fulfill its requirements, and, therefore, can tolerate concentrations of 
the antibiotic that would otherwise be to'xic 
MuI4 (134) havmg noted that mcrease m “pressure” (tension?) of hydrogen 
m broth cultures of S aureus counteracted the bacteriostatic effectiveness of 
pemcillm, postulated that pemcillm promotes lethal dehydrogenation m the 
cell, which may be counteracted by providmg hy'drogen to activate the respira- 
tory enzymes He later (135, 136) more specifically inferred 'that pemcillm acts 

on susceptible organisms by shiftmg glutathione from the reduced to the oxidized 
state 


ere is good endence that — SH groups are most readily demonstrated and 
^ most reactive at the time of cellular division (27) and that concomitantly 
Ifin^ ^ ^ active synthesis of desoxyribonucleic acid derivatives (23, 124, 159, 
60, 186, 191) On the basis of this evidence, the — SH groups m organisms 
expt^ to pemcilhn should be expected to suffer dehydrogenation most readily 
^the time of cell division Experimental evidence fulfills this expectation 
^^en exposed to bactenostatic concentrations of pemcillm, sensitive organisms 
j^c start to divide fail to complete the division Thus, pemcdlm checks the 
cells m an early stage of di-nsion (24, 25, 26, 112), or perhaps even before the 
+L ^ ^ completed (35) In this respect, pemcillm differs markedly from 

e simonamides which permit several cell divisions to occur The fact that 
pemcillm and sulfonamides act on bacteria through different mechanisms may 
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account for the greater effectiveness of combinations of the tno drucs thim nf 

^bition of resistant vaneties (109, 109a) Although cells under the inauence 
of pemcilhn are prevented from yielding two daughter cells, they do evidence 
exce^ive increase in size, they sweU mto diplococcus-hke shells that exhibit 
bipolar sta^g with vital dyes, the color of which shifts to that mdicativc of a 

gher level of oxidation potential (148) Support for the new that there may 
be a distmct difference between the pemcilhn-cysteme relation tn vivo and in 
intro IS suggested by the observations that inactivation of the antibiotic occurs 
more readily m aqueous solutions of pemcilhn and cysteme than m the presence 
of blood (97) 

EFFECTS OF BACTERIOSTATIC ANB SUB-BACTEHIOSTATIC 
CONCENTRATIONS OF PENICTLIJN 

Sub-bactenostatic concentrations of pemciUin have been shown to enhance 
metabohe activity and grondh of aureus (22, 43, 64, 65, 130, 156, 188) This 
accounts, in part at least, for the narrow nng of enhanced growth that imme- 
diately surrounds, or outhnes, each zone of inhibition on assay plates These 
nngs are constant features of assay plates and can be seen on published photo- 
graphs (65) It has been suggested (55, 149) that they represent regions in 
which the test organisms, having been subjected to sub-bactenostatic concentra- 
tions of pemcilhn without subsequent exposure to “static” or “cidal” 
concentrations, have been stimulated to a state of mtense metabohsra and 
growth, charactenzed by an abnomally high rate of respiration, such as has 
been asenbed to the “chmactenc stage" mduced in cells of vanous tissues by 
traces of different chemicals However, other factors may also contribute to the 
development of a nng of enhanced growth at the boundarj' between a region of 
inhibition and the circumjacent uninhibited area of the plates Cytochemical 
studies have demonstrated that as cells m the area of inhibition are affected by 
bactenostatic concentrations of pemciUm, some of their components are hberated 
mto the agar through which they diffuse to regions of the plate m which the con- 
centration of pemcdlm fails to reach a bactenostatic level, and it is libel} that 
some of these substances, especially the nucleoprotems, may be absorbed bv the 
bactenal cells outside the zones of inhibition and may serve as metabobtes or 
growth factors Support for such an hypothesis is provided by the experiments 
showmg that when S aureus was cultured m the presence of low concentrations of 
pemcdlm m broth, two waves of growth occurred (2, 24, 25, 200) These r^Us 
may be mterpreted as mdicatmg that when cells of S aureus are suspended m 
broth containmg veiy low concentrations of pemcilhn, the most sensitire or 
gamsms which are first affected, as they undergo lysis, release into the medsum 
substances which promote a second ware of growth among the more 
cells Smee lysis of senescent cells normaUy occurs m cultures of mciwr 
gamsms, pemcdlm may be considered as hastenmg the process of 
Sn^ndrely (186) have recently stressed the 
nbonuclease, actively secreted by agmg bactena, m promoting the } 
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extn-nucleTr content of senescent inctena, and it is apparent that this process 
IS accelerated m the presence of appropriate concentrations of penicilhn (25, 26, 
64, 65, 200), making possible, under suitable conditions, post-l 3 'tic waves of 
growth As earl}' as 1945, Todd (183) had emphasized the possible role of 
autol}'tic enz 3 ’mes in promoting bactonol}sis of cells ea-posed to pemcillm A 
number of references in the literature indicate that products liberated by d}Tng 
microorgamsms ma}' sen e as growth factors for sun i\ ors (39, 110, 122, 139, 193) 
The observation that m the presence of sufficient!}' low bactenostatic concentra- 
tions of pemcilhn, proliferation of S aureus m broth can continue for several 
hours before cleanng of the suspension becomes e\adent (174) can be interpreted 
as an mchcation that peniciUin exerts a sccondar}' action by increasing the 
permeabiht}' of the most sensitn e microorganisms m the colony so that some of 
their constituents are released into the medium where they sene to enhance the 
metabolic actmt}' and to stimulate the growih of more resistant neighbonng 
cells Such cells would then become more susceptible to penicilhn Thus the 
course of events m cultures exposed to penicillin might be \nsualized as analogous 
to a “cham reaction ” 

EFFECT OF PENICILLIN ON THE RESPIR VTORX SX STEMS 

From the precedmg discussion, it is exident that the antibactenal effect of 
pemcilhn is more pronounced toward organisms that are growing and respmng 
vigorously than toward those that are m a restmg stage Culturmg cells of 
/S aureus m a protem-free medium, poor m H donors, rapidly bnngs them to a 
restmg stage, whereupon the respirator^' actmty falls progressnely (Schuler, 
16/) The rate of fall is not appreciably affected by addition of pemcilhn 
(167, fig 14) Conversely, in nutnent broth, oxygen uptake which is low durmg 
the first half hour, mcreases loganthimcally with time, and reaches a maximum 
about the third hour, this is the time when the density of population of hvmg 
cells IS greatest Addition of pemcilhn to the cultures just before or durmg the 
loganthmic phase shortens the duration of that phase of respiration and growth, 
the curtailment bemg directly related to the concentration of pemcilhn Schuler 
(168, 169) obtamed similar curi'es usmg streptomycm Hirsch and Dosdogru 
(98) dupheated the work of Schuler (167, 170), and it is mterestmg to note that 
the correspondmg cun'es are virtually supenmposable In both cases, enhance- 
ment of respiration is apparent in orgamsms exposed to very low concentrations 
of pemcilhn, thus prondmg experimental support for our hypothesis (55, 56, 148, 
149) based on mterpretation of the color reactions obtamed on assay plates 
treated wnth smtable dyes and indicators Schuler further showed that the 
c^e i-elatmg e^ olution of COo to tune is also affected by addition of pemcilhn 
The cun es for both O 2 consumption and COi evolution dechne after ^e penod 
of maxunum actmty at about three hours has been passed The bactenostatic 
effect of pemcillm is less marked m broth saturated with CO 2 than m aerobic 
controls, as shown by the fact that the cunm for CO 2 evolution falls more abruptly 
m the aerobic cultures than m those saturated with CO 2 (167, fig 10) Thip is 
completely m accord with the more recent conclusion of hlul6 (134) that the 
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b^tenortafac effectav^esa of peaiciUm is a direct function of 0, tension m tie 
broth Schuler (168) later showed that the responses of E coh and of S attrm 
0 pemcillin are similar, although the concentrations necessary to induce the 
tjTical ^ects are considerably higher for E coh Independently, from cyto- 
cheimcal studies, we reached a sunilar conclusion, i e , that penicillin affects 
g^-positive and gram-negative organisms through the same mechanism (149) 
the pnncipal difference bemg m the concentration of antibiotic required Fim 
studies with S aureus in the Warburg apparatus (92) it appears that in this 
organism, as is weU known for aerobic cells m general, active Oj uptake is de- 
pendent upon the activity of a cytochrome reducing dehydrogenase-cytochrome- 
cytocbrome-oxidase system m a cham of reactions as portrayed by Grumboch 
(92) The strong positive reactions given by actively growing S aureus with 
solutions of tannm, femcyamde, hematoxyhn, and other reagents that form 
colored iron complexes may be mterpreted as further support for the prevalence 
of iron-protem enzymes m these orgamsms 
The observation (64, 144, 167, 168) that pemcilhn inhibits Ot uptake most 
effectively m actively growmg bactenal cells suggests that pemcilim may block 


TABLE 3 


Diamelert of tones of inhibition surrounding penicyhndsrs’ containing different 

concentrations of KCN 


OlQ/UOStf 

m CUR coHcumATioH or KCN 

0 001 

0 01 

0 1 

S aureus I 

E coh 1 

14 6 mm 

10 5 mm 

20 4 mm 

12 3 mm 

24 2 mm 

19 0 mm 


“ Outfflde diameter 8 mm. 


the cytochrome-cytochrome-oxidase system Smee this is the portion of the 
respiratory mechanism that is known to be cyanide sensitive, it seemed of mterest 
to compare the reacUons of the pemcilhn sensitive S aureus and the pemcillm- 
resistant E coh to cyanide, which has been reported to stimulate owdation of 
mtemal nmtenal while mhibitmg oxidation of the external substrate (63, 84) 
This was done by means of a modification of the cylinder-plate technique for 
assaying pemcilim Seeded plates were meubated for three hours, cylmders were 
placed thereon and were filled with appropnate soIuUons of KCN Then the 
plates were reincubated for five hours FoUowmg mcubation, treatment mth 
Schiff’s reagent, the femcyamde-FeS04 reagent for Prussian Blue, or o her 
suitable reagents, revealed a contrast between the inhibition zone which re- 
mamed uncolored and the background which gave a 
As shown m table 3, application of a given 
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appeared to be less sensitive Application of suitable staining techniques 
pre\nously descnbed (55, 56) showed that the bacteriostatic action of diffusing 
KCN, hke that of penicillin, cvcntuallj'- results in dehydrogenation of sulfhydr}'! 
groups of the test organisms The threshold concentration for antibactenal 
action of KCN and of NaNj , as was true for penicillin, appeared to be much 
low'er and more clearlj’- defined for S aiirats than for E colt How'e\ or, once the 
threshold concentration has been exceeded, the aerobic respiratory systems 
become unbalanced, — SH groups arc used up faster than they can be restored, 
and the oxidation-reduction potential rises abo\e a level compatible with life 
Thus, agents favonng dehj drogenation of — SH groups should be expected to 
potentiate the action of pemcilhn Tins maj afford an explanation for the 
recorded obsenmtion that d} cs in the oxidized state (capable of acting as h 3 dro- 
gen acceptors) enhance the action of penicillin (185) The observation of 
Quastel and Yates (152) that certain basic djes of the tnphenj Imethane senes 
inhibit Oj uptake in E coh seems pertinent m this connection Although the 
full sigmficance of the fact is not apparent at present, it seems w orthy of com- 
ment that the potentiating action of d 3 cs on pemcilhn effectiveness is most 
pronounced against gram-negatives, and that the d 3 es which are most effective 
are those which have an affinit 3 ' for the gram-positive complex Just as de- 
h5Tirogenation of — SH groups more rapidly than thc 3 '’ are restituted should be 
expected to enhance the action of pemcilhn, so bmdmg or otherwnse removing 
SH groups from active participation m the reversible metabohe processes of 
the cell should be expected to make pemcilhn inhibitory at lower concentrations 
Evidence that this may occur is found m the fact that bismuth (115, 116) and 
cobalt (150, 179) m concentrations which are not mhibitor 3 '^ m themselves, do 
enhance the effectiveness of pemcillm action Likewise, agents that might 
tend to ‘unfold” — SH beanng proteins causmg the thiol groups to become ex- 
posed and more accessible to dehydrogenation should be expected to potentiate 
the action of pemcilhn This may afford an explanation for the S 5 Tiergistic 
achon of detergents such as cet 3 dpr 3 idimum with pemcilhn (185) 

Numerous ens 3 Tne systems mvolved m carbohydrate, mtrogen, and fat 
metabolism contam essential thiol groups Simpler metabohtes such as cysteme 
^d glutathione (gamma glutam 3 l-cystem 3 d-gl 3 '^cme) also owe many of their 
lochemical properties to the presence of a thiol group In fact, it has been 
^gg^ed that the pnmaiy function of glutathione, which is itself a coenzyme 
6 glyoxalase enz3Tne system, is the contmuous reactivation of — SH cellular 
emymes Many microorganisms require an external source of potential orgamc 
ol groups, and glutathione has been showm to be a growth factor for vanant 
strams of gonococcus (157, 158) The structure of the pemcilhn molecule can be 
such a way as to show a stnkmg resemblance to glutathione, and it 
may be suggested that pemcillm may compete with glutathione m processes 
mvolvmg H transfer 

The apparent oxidation-reduction potential of reduced glutathione is low 
^ough m the Eo scale for the threshold mechanism, postulated for the bacteno- 
a c mechamsm of pemcillm toward aerobes, to be operative toward anaerobes 
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EFFECTS OP PBOTCTLIJN INCIDBNT TO ALTERED RESPIRATION 

Any agent that impairs 0, uptake correspondingly impairs the abihty of the 
aerobic cell to absorb and to retain ions or molecules Thus loss of abihty to 
accumulate vital dyes or loss of abihty to absorb silver mtrate (anargyrophily) 
may be used as a measure of inhibition of respiration, and specificaUy, can be 
used as a measure of the bactenostatic effect of pemciUin on suitable test or- 
ganisms It may be further used to explore the inhibition of a given emyme, and 
to correlate such an enzyme mth the production of the energy required for the 
absorption of ions and molecules from the environment, and their accumulation 
against the concentration gradient The inhibition of the energy-providmg 
respiratoiy system may be so great as not only to prevent absorption and re- 
tention of matenals from the external environment, but to prerent retention by 
the cells of their normal constituents (56, 148) This is easily demonstrated by 
treatmg the test organisms with a solution of silver mtrate or silver chlonde 
Actively growmg organisms manifest argyrophily, that is to say they absorb 
solver salts which are deposited as vacuolar precipitates of metallic silver As 
test orgamams undergo the swelhng prehmmajy to lysis, they allow some of the 
reducing cellular material to leak out of the cells, and to induce an extracellular 
deposition of silver, therefore, a kmd of silver platmg occurs around the cells m 
the pre-lytic state and m their immediate vicmity This is the basis of a three- 
hour cylinder-plate assay for penicilJm (89) Ultimately, ithen the oxidation 
potential has been shifted upwards sufficiently, the cells lose their abihty to 
promote silver deposition, m other words, they reach the stage of anargyrophily 
(161) 

The reducmg abihty of actively growmg S aureus is exhibited similarly m its 
capacity to reduce nitrate to nitnte that capacity is mhibited by pemciUm in 
proportion to its concentration, a fact which has been used for quantitative 
estimation of penicillin (88) Similarly, anaerobes m the presence of pemciUin 
lose their abihty to obtam molecular oxygen from appropriate donors There- 
fore, proper use of a smtable dye, such as Janus green, as an oxygen donor 
makes possible quantitative assay of pemcilhn against anaerobes (151) 

When assay plates seeded with aerobic test organisms are flooded with a solu 
tion of oxidized Janus green the dye remains oxidized (green) m the inhibition 
zone but is reduced almost immediately by the actively grounng organ^ 
outside the zones to the pink qumonoid which is mtermediate between the fuUy 
oxidized (green) and completely reduced Oeuco) forms of the dye Conrers^ 
when plates are flooded with a solution of the leuco dve (completelj reduc^ 
form) a pink color immediately develops m the actively growmg colonies oatedc 
the zon« of inhibition Thus it appears that in “probes groumgacbvciy on a 
neariJTeutral medium, the potential is above that of the reduced dye but is 

below that of the oxidized form 
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COMP^RAXrVE EFFECTS OF PFNTCILLIX LNDm VEROBIC (PETRI PL-VTES) 
SEMI-AV VEROBIC (bROTIi) CONDITIONS 

It may be assumed that on penicillin a'^sav plates there is a unifomi oxjgen 
tension and that there is a gradient of pcnitillm concent nt ion \\hich decreases 
from the cyhndem outnard Convei^h, it mav be issunicd that in broth 
cultures, there is a umform penicillin concent i it ion in the medium but that there 
IS a gradient of oxjgcn tension uliich decreases from the surface douTinard 
An mterestmg companson and demonstration of a critical o\idation-reduction 
potential threshold maj be made h\ apphmg appropriate rcdo\ indicators to 
cultures on standard assaj plates and in serial dilutions 
When assay plates seeded mth S aureus and incubated for 16 hours, as in the 
standard cj hnder-plate assa}, are flooded with appropriate oMdation-rcduction 
mdicators each zone of inhibition is prompth outlined hy a ring that is the site o 
enhanced actmty of the cells and that indicates the position of an rH thrcs o 
above which the cells are unable to grow (inside of zone) and below which they 
grow normallj' (uninhibited background) Likewase, if equal \ olumes o rot 
contaimng different amounts of penicillin are inoculated wnth equal numbers o 
organisms of the same age and arc incubated until marked bactenostasis is 
evident m the tube with the highest concentration of penicilhn, addition o a 
suitable mdicator reveals that an rH threshold has been established m eac tu e 
and that the depth of this threshold below the surface increases as the concen- 
tration of pemcilhn mcreascs In fact the depth of the “o\idized lajer^a 
hnear function of the log of the concentration of pemcillm m the broth e 

more active the dehj drogenases in a given tube, the closer to the surface a 

given mdicator be reduced to the leuco-compound The concentration o 
antibiotic m the broth can, therefore, be expressed m terms of the depth o t e 
la 3 ’-er of the unreduced dj e m the upper laj er of the suspension 

A companson of results obtamed from S aureus 16-hour assaj’’ plates an 
senal dilution assaj’-s treated with a nuxture of dunethj l-paraphenj lenediamiM 
hj'drochlonde and tfaj-mol is diagrammed m figure 1 Similar results were o 
tamed usmg Janus green or Indigosol green IB (obtamable from Durand an 
Hugemn, Basel, Svntzerland) The upper row represents the inhibition zones 
surroundmg cj^lmders contaimng geometncally mcreasmg concentrations o 
pemcilhn on standard 16-hour assay plates Correspondmgly, the low'er row 
represents the depth of the laj^er of “oxidized” dye m the several tubes The 
numerals mdicate the concentration of pemcilhn, m umts per ml, m the ^erent 
cj^hnders or tubes, which hav e been spaced on a loganthmic scale m the diagr^ 
The approxmaately hnear relation between response (diameter of zone or depth of 
oxidized ’ laj'er) and log concentration of pemcilhn is mdicated bj the tangent 
to the inhibition zones on plates, and by the hne through the lower edges of the 
laj’^ers of “oxidized” dj'e m the tube experiments 

Any agent which may serve m oxygen transfer accelerates dehj-drogenation m 
the cells and favors the loss of reduemg capacity of the ceUs Thus it tends to 
mcrease the action of a given concentration of pemcilhn For example, co- 
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INJXUENCB of BEMCIEUN ON METABOBtSM OF GLTTTAMIC ACIB 

till f Taylor (79) observed 

nV, 1 11 ^ ^ EBrciis to assimilate glutamic acid vras among the first 

action The sigmficance of this is 
emphasized by the earlier observation that pemciUm-msensitive gram-negative 
organisms such as E colt a.Te even more insensitive to pemciUm m the preseLe of 
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FlO 1 DtA-QBAUMATlO REPRESENTATION OF INHIBITION ZoNES OH PeNIOILLW AsSAT 
Plates and of "Oxidzed" Latbes in Serial Dilutioh Assats in Broth, 
Following Addition of Suitable Die 
(See text for explsnstion) 

glutamic acid (171) The depressmg effect of glutamic acid can be blocked or 
counteracted by the antunetabohte, methionme, m fact, methiomne markedly 
sensitizes gram-negatives toward pemciUm (171) At present it is diflScuIt to 
account for this effect It should be pointed out, however, that methionine is 
known to be mostly effective m transmethylation, and the mechanisms of its 
synergistic effect with pemeiUm should be studied m this hght The importance 
of the position of the methyl groups is demonstrated by the fact that df-thiaioh- 
dme-4-carboxyhc acid m a 1 500 solution is bactenostatic toward S aur^ 
whereas the 2-dimethyl denvative is macbve even at a concentration of 1 100 
(138) Conversely, valme which may be considered to be an analog of the tbia- 
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zolidine nng m the penichlm molecule has been sbouTi m our laboratoiy to 
exhibit pronounced inhibition of S aureus on assay pHtes in concentrations of 
1 100 000 hlost important among the metabolic processes arc tr'insaramation, 
transikethylation, decarboxjhtion, phosphorjlation, and acetjhtion Trans- 
methylation has been discussed aboie m relation to the effect of niethio^e m 
association ivith pemcilhn Interference inth transamination and 
tion might be considered specifically m connection xnth inhibition of 
glutamme metabobsm, through interference wth the aldehyde or amine pyn- 


doxine denvatives of 

Transamination and decarboxj lation depend on the phosphoo lation o 
pjnadoxal mto the active coenzjmic (108, 170) It has been shonai recently that 
the mactive apoenzimie of a transaminase system, on addition of pyri o 
phosphate, maj' reconstitute an acliic glutaminase or an actne ti^^p op an^e 
(44) Addition of diphosphop 3 Tidme nucleotide to the apocnzjTne is equa y 
effective The discussion thus far has been focussed on the mte erence o 
penicilbn rnith H transfer Honeier, phosphorjdation, resulting from tne 
proper transfer of PO< is as fundamentallj important as hj drogenation may 
he suggested that just as supphang the proper H donor may ena e microor 
ganisms to survive m the presence of othermse mhibitorj" or cida concen ra 
tions of pemcilhn, so supplying suitable phosphorylated compoun s (sue as 
nucleic acid) may be similarly effective This may evplam nhy nuc eic aci 
antagonizes the bactenostatic action of pemcilhn (143) 

It may be postulated that the different reactions of gram-positive organics to 
pemciUm as compared with gram-negatives may depend on the different na o 
the nucleotides that are present Examples of differences m the reac m y o 
nucleotides from different sources with pemcilhn and other bactenostatic agen 
have been reported (14, 90) j f i 

Future mvestigation maj’’ show acylation to be also of fun an^ a im 
portance Cytochemical evidence from assay plates treated wit p ^o 
phthalem phosphate m our laboratory has shown that test organisms ou i e o 
the zones of mlubition contam an active alkahne phosphatase, while no ce o 
phosphatase actintj’’ can be demonstrated withm the zones of inhibition cen 
studies have emphasized the importance of phosphatases m microorgmnsms, 
and m view of the general significance of the energy-nch phosphate on m 
physiology (120), it appears that further studies may clarify the mterre a lo p 
of antibiotics such as pemcilhn with phosphatases as well as with^ansammas^ 
Smee pemcilhn affects chohnesterase m experimental animals (/6), i may 
suspected of mterfenng with acetyl-phosphatase activity of microbrganisms 


CONCLUSION 

The foUowmg facts appear to be clearly established by reports m the hterature 
or by our own research , 

1 hlicrooigamsms which are metabolizing actively, i e , those activ y 
absorbmg 0. and evolmig COs, are most sensitive to the action of pemcillm 

2 At a given concentration of pemcilhn, organisms become more suscep e 
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to ite action as the concentration of 0, available to the test organisms is greater 
or as toere is also pre^nt some system capable of activatmg the transfer oTo, ' 
Appropnate sub-bactenostatic concentrations of penicilhn markedlj m- 
r^ the reducmg capacity of microorganisms, and this may be interpreted as 
indicatuig increased demand for O'^gen 

4 At bactenostatic concentrations, however, pemcilhn mhibits 0- uptake and 
t/Oj release 


5 Thus there results an irreversible dehydrogenation of aldehyde groups and 
of — SH groups, and consequently the oxidation potential is shifted to a level 
above that compatible with the proper funcbomng of the respnatoiy mecha- 
nism The observations of Prdvot (151) suggest that the same threshold mccha 
nism operates for anaerobes as well as for aerobes but at a lower rH value 
PemciUm apparently tends to enhance dehydrogenation m the so-called pem- 
cilhn-fast organisms, or even m cells of tissues Abdity to survuve or even 
thrive m the presence of pemcdhn may be correlated with cytochemical abihty to 
restore SH groups fast enough for the respiratory sj'stems to remam poised 
withm the limits of reversible dehydrogenation and rehydrogenation An 
organism may be assumed to be pemciUm-sensitiv e when pemciUm stimulates 
dehydrogenation of its functional sulfhi'drjd groups faster than they can be 
restored Decreasmg the rate of H transfer or nmkmg extraneous — SH groups 
available nullifies the effect of pemciUm Increasmg the rate at which Hj be- 
comes accepted by oxygen transporters or donors potentiates the effectiveness of 
pemciUm Factors which “expose" — SH groups formerly protected m protem 
molecules, such as detergents, bactenophage, etc , mcrease the sensitiveness of 
the organisms to pemcilhn 

The sensitive ceU is mduced mto the lethal dehydrogenation of its essential 
constituents, while releasmg mto the medium growth-promotmg substances 
which induce nearby cells mto a stage of metabolism m which they are pemciUm- 
sensitive In that sense paraphrasmg and addmg to the Bntish iMedical Journal 
(October 6, 1945, p 465) it is difficult to absolve the ceU from a charge of col 
laboration not only in its own death but m that of its relatives 
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S^ace active agents have a wide range of utihty as manifested by their 
app cations m detergency, solubihzation, emulsification, capillary penetration, 
wettmg, and spreadmg Because of their growmg mdustnal utihzation these 
compounds have become commercially available on an mcreasmg scale dunng 
e past twenty years with consequent opportimities for apphcation to systems 
° interest In mteraction with such systems, these compounds have 

1 marked effectivness m low concentrations, with phenomena such as 
prmpi tion, comply formation and denaturation of proteins, cytoly^s of cells, 
_ ° microorganisms, and inactivation of \Truses as examples 

IS e purpose of this review to present the chemical structure and physical 
St f of surface active agents m relation to their biological activity The 
nnTnr>w>^ compoimds on proteins are discussed bnefly A more 

acents r sci^on of the mteractions of proteins and surface active 

ge ts m^ be found m a current review by Putnam ( 185 ) 

well mam thread of development of this reinew it may be 

Sec al nett ST ^ constant usage This il an 

certam mdustrmll numerous terms have been utihzed to charactenze 

^ndespread usage activities of these compounds, and, through 

ongiually mtenSd meanmgs of a more generic nature than was 

rel!StSt atSScS^^At substances which alter the energy 

relatiousbin^ ti, i ^ong the manifestations of these altered energy 

rebtioDslups Pi ae lovrenng ot surface or mterfacal tension More specacaU^ 
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fc folb^g types of mportaot mdoBtal „,ages of thae coo.p«oi 

(a) Wiittme^Agonte Promotore of 5prea<toig of Iquiib on Bitfioa, or of 
peneteatioQ of liquids into matenals 

As m the cleansing of dirt from textfles 

(c) midsifyi^ Agents Aids in the dispersion of one phase within another, 
ordinarily nnmiscible, phase. juiomer, 

Ail the above types of compounds are surface active, but the utility of any com- 
pound as a wetting agent, detergent, or emulafymg agent is an avpresaon of an 
aggregate of properties, mcludmg specific chemical configuration, and is inade- 
quately mqiressed by any one simple measurement such as surface tension lower- 
ing Thus, two compounds may display an equal abihty to lower surface tension, 
with one being an efficient wettmg agent, whereas the other may be quite deficient 
in this reject (for an excellent example see Wilkes and Wlckert (242)) 

For these reasons the term surface active agents has been chosen as the most 
general appellation of those compounds Such terms as wetting agents, deter- 
gents, and emulsifying agents should be reserved for denoting specific functions 
of a given compound. It is well to keep m mind, however, that this has not 
been scrupulously observed m the hterature and, especially in work of a biologi- 
cal background, the term detergent is often used Eynon 3 rmously with surface 
active agent 

Compounds diqilayuig surface activity are characterized by an appropnate 
structural balance between one or more water-attractmg groups and one or more 
water-repellent groups Various synonjmis have been used for the water at- 
tractmg groups They have been known as hydrophihc or polar groups Simi- 
larly, the water-repellent groups have been known as hydrophobic, non-polar, 
or hydrocarbon groups For purposes of this review the terms hydrophilic and 
hydrophobic mU he used 

CKEIMICAli STRUCTUKE AND FHTSICAi PHOPEBTIES OF SURFACE 
ACTIVE AGENTS 

Classificaiion of Surface Active Agents 

The electncal charge on the hydrophihc portion of a surface active agent may 
serve as a convement basis of classification of these compounds Dependent 
upon the nature of this charge, or the absence of ionization, surface active agents 
have been classified as Amomc, Catiomc, Non-Iomc, or Amphotenc 
An amontc surface active agent is characterized by a s^ctural 
between a hydrophobic residue (e g , paraflSme chain, alkyl substituted bcnMn 

or naphthalene nng) and a negatively charged f ' 

sulfate sulfonate, or phosphate) In cationic surface active agents the same 
hvdronhobic residues may be balanced with a positively char^ hydrophilic 
mile g in —urn, sulfonium, arsomum, pbosphomum or 

i^omui) Non-Jontc surface active agents 
hydrophobic portion of a non-iomc sirface ^ 

»»p.»nds of CO..OO.C- 
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aniomc structure This latter type of compound is of no practical importance 
at the present time 

A bnef outhne has been compiled of the type structures of vanous commer- 
cially important surface active agents (adapted from Pnce (184)) It should be 
emphasized that this outime (see figures 1-6) is illustrative only and does not 
attempt to hst all the types of chemical structures which might display surface 
activity ParaflBnic carbon chains are represented by rectangular steps m the 
figures 

A few commerciall}’’ available examples of each type compound are hsted 
below 

Paraffin Chain Salt Types (see fig 1 and table 1) 

Soaps Sodium oleate 

Alkyl Sulfonates Fatty acid sulfonate farctic sjmtex A’) 

Alcohol Sulfates Lauryl sulfate (‘duponol WA’) 


Vc-o 


0 

II 

}-s-o 

II 

0 


0 

l-O-S-0 

II 

0 

Fig 1 




Fig 2 


Fig 1 Anionic Surface Active Agents Parafi&n chain salt types Top soap, 
center alkyl sulfonate, bottom alcohol sulfate 

Fig 2 Anionic Surface Active Agents Alkyl aryl sulfonates Top alkyl benzene 
sulfonate, bottom alkyl naphthalene sulfonate 


Alkyl Aryl Sulfonates (see fig 2 and table 1) 

Alkyl Benzene Sulfonates Dodecyl-benzene sulfonate (‘santomerse 3’) 

Alkyl Naphthalene Sulfonates (‘alkanol B’) 

Parafin Cham Salts With Complex Hydrophilic Groups (see fig 3 and table 1) 
Aimde of oleic acid and methyl taunne Cigepon T’) 



tzzz3=r7i~t-c-N-a-s-o 

II I w 

0 CH 3 0 

Fig 3 Anionic Surface A c t ive Agents 

Par affin cham salts with complex hydrophilic groups amide of oleic’’ acid and methyl 
taurine 


Compounds With Hydrophilic Groups Near Middle of Hydrocarbon Chain (see 
fig 4 and table 1) 
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Dioctyl-sulfosuccmate Caeroaol OT’) 




/ 






6 

Fio 6 


Fia 4 Aotonio SuRrACB Active Agents Compounds with hydrophilic croups near 
middle of carbon chain Top sulfate of 8,9-diethyl-tndecanol-6. bottom diaUcvlBuIfo- 
Bucomate ■' 


Pig 6 Cationic S uBFACB Active Agents Top alkyl derivatives of aliphatic amines, 
center alkyl derivatives of aromatic amines, bottom alkyl-aryl derivatives of aliphatic 
amines 


Catumte Surface Active AgerUs (see fig 6 and table 2) 

Alkyl Derivatives of Ahphaitc Amtnes Cetyl-tnniethylammomuxn (CTAB) 
Alkyl Dertvaitves of Aromatic Amines Cetyl-pynduuum ('ceepryn') 
Alky-Aryl Denvalwes of Aliphatic Amines Cetyl-dimethylbeniylammonium 
Non-Ionic Surface Active Agents (see fig 6 and table 3) 

Partial Esters of Polyhydne Alcohols mih Fatly Aculs 'Polyethylene glycol 
400 monolaurate’ 

Esters of Polyhydne Anhydndes and Fatty Acids Sorbitan mono-oleate 
CBpan 80’) 

Polyether Ahxhols Polymerized ethylene oxide condensate 


CH£0H 

CH.O-C d ■_ J 

* II 

O 


CH.-0-C- 1 ;:i 

HoCyXl 0 




hio 6 Non Ionic Bpbface Active Agents 

- ■ ' ' g^ids center 


1 XLr w 


esters of polyb>dric 
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Selected List of Commercial Surface Active Agents and Their Properties 
No attempt lias been made to present a complete bstmg of commercially 
available surface active agents Indeed, with the rapid appearance of new 
compounds, any attempt would soon be outdated Instead, a hst of 10 amomc, 
10 catiomc, and 6 non-iomc surface active agents, selected to illustrate a vanety 
of structures, has been drawn up ^ 

TABLE 1 


Characlenstics of selecled antomc surface acltve agents 






EDITACE TENSIOV (DTHIS/Ot AT 25 
C) AT THE lOIiOWCiC CONCENTIA 






Tiovs (in rzs. cent) 


TIADZ KAVZ 

UANUTACTTOiat 

CHnaCAL DESCKimOK 

AGENT 

1 0 

0 1 

001 

1 

0 001 

1 










0 

0 




% 





1 


Aerosol OT 

American Cy- 

Dioctyl sodium sulfo- 

100 

26 3 

29 9 

43 0 

56 8 

63 0 

72 1 


anamid 

succinate 






1 


Alkanol B 

du Pont 

Alkyl-naphthalene 

? 

31 8 

44 1 

61 3 


71 5i 

71 6 


1 

sulfonate 








Arctic Syn- 

Colgate 

Fatty acid sulfonate 

85 

28 2 

28 9 

33 8 

56 5 

70 3 

71 2 

tex A 
Aresklene 

Monsanto 

Dibutyl-phenylphenol 

100 

29 2 

34 1 

45 8 

61 6 


71 7 

400 1 


sodium disulfonate 






1 


Duponol WA 

du Pont 

Sodium lauryl sulfate 

? 

28 7 


46 2 

64 3 

71 5 

71 8 

Igepon T 

General Dye- 

Sodium salt of amide of 

? 

27 7 

29 6 

35 7 

55 4 


71 5 


stuff 

oleic acid and methyl 
taurme 








Santomerse 

Monsanto 

Dodecyl-benrene sulfon- 

100 

KlWil 

33 4 

41 8 



Win 

3 


ate 








Sodium ole- 

Eimer and 

Same as trade name 

100 

25 0 

25 0 

30 0 

48 0 

68 5 

71 5 

ate 

Amend 








■ 

Tergitol 7 

Carbide and 

Sodium sulfate derive- 

25 

25 8 

28 5 

44 2 

54 7 

66 0 



Carbon 

tive of 3,9-diethyltn- 







■ 



decanol-6 








Victawet 58 

Victor 

Phosphorated caprjl al- 

70 

22 8 

24 9 ' 

36 0 

58 9 

70 5 


B 


cohol 







■ 


Note Surface tension of water at 25 C is 72 0 dynes/cm 


To make the hstmg more useful certam basic data have been obtamed for 
each of the compounds (65) Trade names, manufacturers, chemical descrip- 
tions, percentage of active matenal,- and surface tension measurements at six 
concentration levels are hsted for amomc compounds m table 1, for catiomc 
compounds m table 2, and for non-iomc compounds m table 3 * It is mterestmg 

> For an extensive listing of trade names, chemical descriptions, and manufacturers see 
(141) 

* In those cases where it was impossible to ascertain the percentage of active material 
(indicated by ?inthe tables), itwas assumed that the commercial samples were 1(X)% active 

• Surface tension was detenmned with the du Nouy tensiometer cahbrated against water 
and beniene as standards 
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to note that, despite marked ditferences m chemical configuration, sinular 
ranges of surface activity may be obtamed m all three classes of surface active 
agents 

TABLE 2 

Characlensltcs of eelecied catumic surface aebve agenlt 



Ceepryn Merrell 


rynTTrA t. pggtapynOM 


Cetyl-pyndimum chlo 
nde 

Same as trade name 



STOTAOl iraStOK (BTKEJ/ca At IS 
O AT IKE TOLLOWtKO COHCtimA 

ijoHt (n* rei am) 


W 0 1 OAl pj»I I 


Same ae trade name 



Cetyl di- Onjrr 

methyl- 
amine 
oxide 

Cetyl di- Onyx 

methyl- 
benEyl am- 
momum 

JT Baker Cetyl tnmethyl ammo 
^ ^ mum bromide 

Cetyl-dimethyl-ethyl 

ammomum bromide « i 32 7 « 4 68 6 70 2 71 3 

9 octadecenvl dimeth 100 32 1 32 / 
ylethyl ammomum 

bromide 93 40 8 38 0 56 7 68 7 71 371 0 

Lauryl pynduuum 
chloride 

A K Rhodes Ootadecyl-dimethyl 

Ootab beniyl ammomum 

chloride 

methylbcnEylam 

moniumchlonde 90 31 632 240 6 61 9 60 6 71 6 

^ . 1 , Alkvl dimethyl-bensyl 20 « 

Boccal Winthrop ammomum ohlonde ! ^ 


Ethyl cetab Rhodes 
Ethyl deoab Rhodes 

jjpQ Hooker 

flctab Rhodes 


3 36 0 54 7 70 2 71 6 


26 40 8 38 0 56 7 68 7 71 3 71 0 

100 32 9 34 6 87 0 69 9 0S 671 2 

100 36 4 36 2 52 0 62 6 69 0 72 0 


studiea of the physical properties o w facts being largely oii 

'"r nrSSTSt«-^r e^' *.r. 
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physical properties as equivalent conductivity, ionic transference number, 
osmotic coeflGlcient, and surface tension become apparent (136, 195) 

As an illustration, the eqmvalent conductivity of a typical homologous senes 
of catiomc surface actn e agents, amine hydrochlondes, may be presented (196) 
Figure 7 represents the eqmvalent conductmties as a function of the square 
root of the concentration of an homologous senes of amine hydrochlondes over 
the range Cs to Cia A portion of the same data has been plotted on an enlarged 
scale and the theoretical Onsager slope for each cur\'e mcluded in figure 8 
Three ranges are demonstrated by these results In the first range the eqmva- 
lent conductivity falls as a hnear function of the square root of the concentration 


TABLE 3 

Characlertstics of selected non-tome surface active agents 






snsrACE TESsiox (DTNrs/ai at 25 
C) AT THE rOLlOWINC CONCENTIA- 

TKADi: hAUX 

UAKtn’Acnm:* 

CHEMICAL DESCRIPnON 

ACTIVE 


IlONS (in PEE cent) 


lAL 

1 0 

0 1 

0 01 

0 001 

i 

■ O 

s 

, o 

O 




Carbowax 

GljcoProd- 

Oleic acid ester of a polj - 

% 

? 

32 0 

33 7 

36 3 

1 

37 4 

63 0 

71 8 

1500 diole- 

nets 

menzed poljetbjlene 








ate I 


glj col 








Igepal CA 

General Dje- 

PoljTnenzed ethylene 

? 

30 3 

30 2 

40 7 

59 7 

71 0 

72 0 


stuff 

oxide condensation 








Poh ethyl- 

Glyco Prod- 

Launc acid ester of a 

? 

31 8 

34 1 

36 5 

53 7 

68 5 


ene glycol 

ucts 

polymerized poljeth- 








400 mono- 
laurate 


j lene gl j col 




1 




Span 80 

Atlas Powder 

Sorbitan mono-oleate 

100 

29 0 

29 5 

30 7 

57 5 

71 4 

71 7 

Tween SO 

Atlas Powder 

Sorbitan mono-oleate 

100 

40 4 

40 2 

44 6 

51 5 

70 3 

72 0 



polyoxyalbvlene de- 
rivative 








Triton A-20 

Rohm and 

P 0 I 3 ether alcohol 

25 

33 7 

36 2 

43 5 

59 3 

71 3 

71 4 


Haas 










S i mil ar to the behavior obsen’ed m strong electrolytes At a concentration which 
has been designated the “cntical concentration” and which is dependent upon 
the length of the paraffin cham, the temperature, and the lomc environment, a 
sharp break from the behavior expected of strong electrolytes is observed In 
the example illustrated, the “cntical concentrations” are 0 04 M for the Cio, 
0 013 M for the Cu, 0 004 M for the Ci 4 , 0 0008 M for the Ci,, and 0 0003 M 
for the Ci8 A rapid fall m eqmvalent conductivity with increasmg concentra- 
tion charactenzes this second range In the third range the eqmvalent con- 
ductivity remains constant or nses Results similar to these m character have 
been obtamed m studies on amomc surface active agents (249) 

The basis of explanation for these marked deviations from expected behavior 
has been the formation of aggregates, designated as micelles hlcBam postu- 
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lates the existence of sphencal ionic micelles and much more poorly conducting 
Iftmellur micelles Both types of micelles are considered coexistent in solution, 
the relative amounts of each dependent upon the nature of the solution and the 
temperature (136) Hartley (74), on the other hand, beheves that these effects 
can be explamed by predicatmg only one type of colloidal particle, a sphencal 



A» HOUOUJOOI" SB.BJ n tom. tome 

alous conductivity elects ^ recent %-t»y 

fytes. adhentnte of both ot the at. .rf,„..hve.gait«. 

'^cdnsd..n.onhs.c„nceined.«ni..e...eed.nd.ce.c 
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it can be demonstrated by cryoscopic measurements that their non-iomc counter- 
parts are also charactenzed by micelle formation, a cntical concentration, and ex- 
pansion of miceUar structure with dilution (67) 

Siruciure of Surface Active Agents and its Relation to Function 
a Anionic Surface Active Agenls 

Chain Length For the amomc surface active agents with long paraflfimc 
chains m the hydrophobic portion of their molecules, it has been found that, 
other thin gs bemg equal, the length of the carbon cham has an important m- 
fluence upon the degree of surface activity of the compound Surface and mter- 
facial tension measurements have demonstrated mcreasmg surface activity as 
cham length is mcreased^over the range Cg to Cig, with a maximum bemg reached 



Fio 8 ENiiABaED Plot of Pobtion of Data in Fiottbe 7 
The broken lines indicate the Onsager values for each salt Adapted from (196) 

at Oit or CJis Above Cib surface activity decreases This importance of carbon 
cham length m determinmg surface activity has been demonstrated with soaps 
(213), alcohols (34, 39, 181, 207), and ahphatic acids (216) 

Position of the Hydrophilic Group With a given chain length, the positions 
of the hydrophihc groups are important variables m the determination of the 
surface active properties of the resultant molecule Dreger and co-workers (39) 
prepared an isomenc senes of sodium sec-pentadecanol sulfates m which the sul- 
fate appeared successively on C;, Ci, Cg, and Ca The surface activity was found 
to have mcreased m the same order This mcreased surface activity of com- 
pounds with hydrophilic groups near the center of the carbon cham has been the 
basis for the development of the ‘tergitol’ (242) and ‘aerosol’ senes (31) of 
surface active agents 

When these compounds were tested for detergency and wettmg abihty, it was 
found that, other thmgs bemg equal, the nearer the hydrophihc group is to the 
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TOto Ite^^TS** “‘Sock mch os fc m- 

18 transferred from straight chain to aromatic compounds 
the po^bihfaes for alt^ation m substituent hydrophihc groupmgs increases 
i^kedly U^ortimately, there has been a dearth of careful, systematic m- 
ve^igation of the relation of structure to function of these compounds 
EMralyies and Surface Activity It is weU known that coUoidal micelles 
are stabi^ by an electee double layer and that the presence of added electro- 
lytes withm the solution markedly affects this stabihty Those coUoids that 
are negatively charged have them charge dunmished by the presence of mImiw 
of an added electrolyte If the concentration of the added electroljite is high 
enough, the electrical charges of the micellar surfaces are diminished to the ex- 
tent that their stabihty is destroyed, and they flocculate In general, the floc- 
culating power of an ion follows the Schulze-Hardy rule in that the precipitating 
power of an electrolyte depends upon the valence of the ion, the charge of which 
18 opposite to that on the colloidal particle 
The fact that surface active agents tend to form colloidal micelles at low and 
somewhat mdeterminate concentratioiiB has already been commented upon 
It 18 to be expected, therefore, that the nature and amount of the electrolytes 
present will have an effect upon the properties of solutions of a given surface 
active agent This expectation has been found to be experimentally true The 
hydrophihc portion of the anionic type of surface active agent is negatii’ely 
charged Therefore, these compounds should be sensitive to the nature and 
amount of the catiomc component of the electrolytes present m the solution 
Progressive and considerable lowermg of the cntical concentration and minimal 
interfacial tension (water-xylene) of dodecyl sulfate solutions has been demon- 
strated by the addition of NaQ (182) The influence of the added salts on the 
mterfacial tension was demonstrated to be due solely to the added cation since 
all the sodium salts of non-complex omons gave results similar to those giien by 
sodium chlonde In accordance with the predictions of the Schulze-Hardy rele, 
cited above, there is a considerable valency effect m the concentration of added 
electrolyte necessary to produce a given change in surface or mterfacial tendon 
With calcium chlonde, effects equivalent to tiiose obtamed mth sodium chlmde, 
reouire only 1/40 to 1/200 the concentration. Similar results were obtamed y 
t ol (lectrolytes »pon suA» of 

sotafoo. (39) Hie valency effect of the cat.«s 
wk by measurement of the mokr mho M Caa W n 
reduce the surface tension a given amount (53 to 27 4 dynes/cm; 
were found to be 54 6 1 

h Catiomc Surface Active Agents 

In the case of the eabomc aurfac. acUve a^nfe Act^^the 
Pomagk (38), hn» found ttidespnanl uae beeanse of them baclenciOal 
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little published work exists on the relation of structure to function in terms of 
chemical and physical properties The bulk of the recent hterature on this 
subject IS confined to biological actmtj’’ as the mam cntenon of function 
While earher sporadic pubhcations may be found, it seems certain that the 
papers of Jacobs and co-workers were the first to mvestigate extensively the 
bactencidal properties of quaternary salts and the relation of their structure to 
function (89, 90, 91) The general discussion of chemotherapy by Jacobs (89) 
emphasizes bactericidal power, specificity, compatibihty with tissue components, 
and resistance to metabohc alteration as \uewpomts for evaluation of chemical 
compounds as potential chemotherapeutic agents The type of compounds 
studied were the quaternary salts of hexamethylenetetramme coupled with benzyl 
hahdes While the routme testmg was performed on Eberthdla iyphosa, enough 
tests were made on other orgamsms to demonstrate a vanabihty m the bacte- 
ricidal powers ofvanous compounds dependent upon the test orgamsm used (90) 
In the benzyl hexamethylenetetrammomum salts, mtroduction of the methyl, 
chlorme, bromme, lodme, cyano, and mtro groups mto the benzene nucleus 
notably enhanced the bactencidal powers of these compounds Substitution m 
an ortho position almost mvanably was more effective than substitution m the 
meta or para position These classical studies m chemotherapy evidently failed 
to stake a responsive chord smce practically no further work on quaternary 
salts as bactencides can be found pnor to that of Domagk (38) to which reference 
has already been made 

Cham Length Systematic studies of the structure of quaternary ammomum 
compounds and their bactencidal functions have uniformly emphasized the im- 
portance of carbon cham length m determinmg activity Considenng the sim- 
ple ahphatic quaternary ammomum compounds of the general tjqie RN+(CH 3 ) 3 , 
where R is a straight chain alkyl group, it has been found that as the cham length 
was mcreased from Cs to Cis the bactencidal activity mcreased substantially, 
reaching a maximum at Qw (84, 208) Similar conclusions of dependence of 
bactencidal activity of cataomc surface active agents upon their carbon cham 
length have been denved from studies of alkyl pyndimum chlondes (111, 210), 
alkyl-dimethyl-sulfomum iodides (118), dialkyl-methyl-benzyl-ammomum chlo- 
rides (122), dialkyl-benz-taazohum bromides (124), azimum salts (238), sulf- 
amyltetrazohum salts (93), alkyl-tnethyl phosphomum and arsomum salts 
(94), alkyl-dimethyl-benzyl-phosphomum and arsomum salts (94), alkyl- 
colammoformyhnethyl-pyndimum chlondes (49), alkyl-phenoxy-ethoxyethyl- 
dimethyl-benzyl-ammomum chlondes (197), imidazohum and mudazohmum 
salts (211), alkyl-benzjd-ammomum chlondes, alkyl-dimethyl-ethyl-ammomum 
bromides, alkyl-dimethjl-allyl-ammomum bromides, and alkyl-tamethyl-am- 
momum bromides (232) 

It might be well, at this juncture, to emphasize the fact that species differences 
maj play a large part m the results obtamed m testmg chemical compounds for 
bactencidal actmty Not only are the mimmal bactencidal concentrations 
quantitatu ely different for different species of bacteria but quahtative differ- 
ences may v ell show up m studies of effects of alteration of chemical structure 
upon actinty As an example of the latter pomt, when the bactencidal activ- 
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true f?nR\ Ao !r “ compounds the reverse was 

°“ sstJvity o( the Mom ™t™ tor 

(A) where Ri = CsHu and (B) where Ri = CuHa 

,, ^ ^ = CjHj 

the ratio of actiwties (A/B) is found to be 8/1 for Staphylococcus aureus but 

1/1 for Salmonella paratyphi B 

Nalwre ^ Antm In considenng the effects of the structure of vanous por- 
tions of the molecules of cationic surface active agents upon their properties 
several mvestigations have been made of the effect of alteration of the amon.c 
component of quaternary ammonium salts Hauser and Niles (76) studied the 
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surface tension of cetyl-pyndimum (I) chloride, bromide, and iodide and of cetyJ- 
tnmethyl-ammomum (II) chlonde, bromide, and iodide In the case of both 
catiomc groups (I) and (11) the presence of the amomc groups enabled them to 
lower the surface tension of water m the order l>Br>C] Furthermore, the 
magmtude of surface tension lowering is the same for each pair of bahde salts, 

1 e , (I) chlonde and (II) chlonde This suggests that the surface tension is not 
dependent only upon the cation but that the nature of the amon determines its 


final degree 

In contrast to the physical properties of the quaternary ammonium salts, which 
we have seen are markedly affected by the nature of the amon, the bactencidal 
properties seem quite mdependent of the identity of the amon It has ^n 
shown for cetyl-tnmethyl-ammomum salts that the chlonde, bromide, iodide, 
mtrate, sulfate, methosulfate, acetate, bemioate, cyamde, hydrocim^ate, Md 
fluosihcate gave no significant differences m bactencidal power (208) The 
phosphate, laurate, and sahcylate gave a lower activity Sii^lyjwth ^chc 
co^ounds It was shown for the cetyl-pyndimum salts, the 

methosulfate, bromide, and chlonde ^ve m 

(210) With acetoxy and carbethoxy denvatives of ahphatic quatern^ am 
monium salts the cWondes, bremides, iodides, and mtrates agam were not sig 
nificantly different m bactencidal activity (209) 
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Nature of Central Atom Quaternary salts containing central atoms other 
t.V\RTi N can be formed A senes of alkyl-dimethyl-sulfomum iodides (substitu- 
tion of S for N) have been prepared and their bactencidal effects against Staphy- 
lococcus aureus and Escherichia coh compared with the correspondmg ammomum 
salts (118) The sulfomum compounds have been found to be quahtatively the 
same but quantitatively about one-third as active as the correspondmg ammo- 
mum compounds This work was later extended to a comparative study of 
quaternary ammomum, phosphomum, and arsomum compounds (94) Corre- 
spondmg alkyl-tnethyl ammomum, phosphomum, and arsomum iodides were 
compared over the range of Cs to Ci# Similarly, alkyl-dunethyl-benzyl am- 
momum, phosphomum, and arsomum compounds were compared over the same 
carbon cham range The cntenon of activity used was the inhibition of gly- 
colysis of lactic acid bacteria (for method, see Jerchel (93)) For both senes of 
compounds the relative order of activity was Ab>P>N 

Electrolytes and Surface Activity The comments, previously made, of the 
effects of added electrolyte upon the properties of amomc surface active agents 
should be apphcable to their catiomc counterparts (keepmg m mmd, of course, 
their difference m electncal sign) This has been confirmed by the demonstrated 
effectiveness of added electrolyte m mcreasmg the efficiency of cetyl-tnmethyl- 
ammomum bromide both from the standpomt of surface tension lowermg and 
bactencidal effect (81) 

Cationic Surface Active Agents of Complex Structure Many catiomc surface 
active agents of complex structure have been mvestigated as potential bacten- 
cides Departure from the relatively simple ahphatic quaternary amm onium 
salts (e g , cetyl-tnmethyl-ammomum bromide) or the simple aromatic quater- 
nary salts (e g , cetyl-pyndmium chlonde) has not, as yet, been too fnutful 

Kuhn and co-workers have mvestigated the quaternary salts of ammophenol 
ethers (119), of hydroxyqumohne ethers (123), alkyl-tnazohum compounds (124), 
alkyl-tetrazohum compounds (120, 121) * The compound of outstandmg activ- 
ity reported by these workers was the ethobromide of Ti-dodecylbenzotnazole 
Dilutions of 1 615,000 were claimed to be enough to kiU Staphylococcus aureus 
as compared with 1 1,200 for lauryl-dimethyl-benzyl-ammomum bromide which 
was used as a standard (124) These results, however, have failed to be con- 
firmed (197, 231, 239) Varied syntheses of complex quaternary ammomum 
salts have been reported from the laboratory of Niederl but physical and biolog- 
ical data on these compounds are meager 

c Non-Ionic Surface Active Agents 

Comprehensive reviews of methods of preparation, properties, and apphca- 
tions of non-iomc surface active agents have recently been published (66) 
Lattle information was found, however, which would relate the structure of these 
compounds and their activity 

* A bnef Bummation of this work is presented by Westphal and Jerchel (239) 
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INIERACnON BETWEEN PROTEINB AND 6TJRFACB AOnVE 


AGENTS 


JDteraction of surface active agents and proteins are of impor- 
nee in providing a potential theoretical basis applicable to the interaction of 
Wd f complex, biological systems It has been 

del^tmtL^^ interactions may result m precipitation, complex formation, and 

Precij^lton Protein and surface active agents, upon interaction, may pre- 
cipitate from solution This precipitation is dependent upon such factors as the 
length of the paraffime carbon chain of the surface active agent, the pH, the mass 
ratio of surface active agent to protem, temperature, and lomc strength (187) 
The relative effectiveness of compounds m precipitatmg crystalhne lactalbumin 
and egg albumm has been determined for several homologous senes, such as sul 
fate esters of primary alcohols, sulfonates of diesters of succmic acid, and sul- 
fonates of benzene rmg compounds (144) Under constant conditions of tem- 
perature, acidity, and concentration, sulfates and sulfonates containing less than 
8 carbon atoms in their parafSme chain were meffective precipitatmg agents 
Increasing the length of the cham above 8 carbon atoms enhanced the precipitat- 
ing effectiveness with each additional carbon until a maximum amount of pre- 
cipitate per mole of reagent was reached Further lengthening of the carbon 
cham was without effect It may be well to pomt out that compounds with 
parafBn chains of 8 carbons or less do not have a marked tendency to form mi- 
celles (eg, see figure 7) This mcreased efiBciency of the higher molecular weight 
sulfates and sulfonates as protem precipitants is sunilar, m outline, to the mcreased 
affinities of these same amons for wool proteins as demonstrated m extensive 
titration data (220, 221) 

With surface active agents of carbon cham length appropnate for effectne 
precipitation, it has been reported that catiomc surface active agents precipitate 
protem only at pH values alkahne to the isoelectnc point of the protem (117) 
Conversely, aniomc surface active agents have been found to precipitate protein 
only on the acid side of the isoelectnc point of the protem (167, 187) Indeed, 

It has been suggested that rough estimations of the isoelectnc pomt of a protem 
may be made by notmg the lowest pH at which the protem is precipitated by a 

catiomc surface active agent* (92) 

With other factors kept constant, the mass ratio of surface active agent t 
protem has been found to be a decisive factor m precipitafaon (187) In their 
studies of the dodecyl sulfate-horse serum albumm system, Putnam and Iseurath 
(187) keeping the protein concentration constant and varying the concentration 

In the fimt region, that of protem excess, the weight ratio of surface active age 

« While this paper confines ^ 

termination of the most acid pH at w *^{,00 detemunation of the most alkaline pH 
tatioa, there is no reason why the precipitation, could not be used equally 

at which an anionic surface active agent will canse precpua 

well 
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to protein is less than 0 2 and the protein is incompletely precipitated In the 
second region, the equivalence zone, the vreight ratio of surface active agent to 
protem falls between 0 2 and 0 4 and complete precipitation of the protem is 
accomplished In the thud region, that of surface active agent excess, the weight 
ratio of surface active agent to protem exceeds 0 4 and any precipitate mitiaUy 
formed may be partly or completely dispersed on shakmg This effect of high 
concentrations of surface active agents has been generally observed and, mdeed, 
can prevent the precipitation of denatured protem at the isoelectnc pomt or the 
precipitation of protem denatured by tnchloracetic or tungstic acid (5) 

Complex Formation While the mteraction of proteins and surface active 
agents to form precipitates has been shown to be hmited to regions m which these 
compounds bear charges of opposite sign, it should not be inferred that there is 
no mteraction when both are similarly charged Studies of such physical prop- 
erties as electrophoresis, viscosity, and diffusion have demonstrated that mter- 
action and complex formation may occur when both reactants bear the same net 
charge (e g , an amomc surface active agent forming a complex with a protem 
on the alkaline side of its isoelectnc pomt) (135, 160, 186, 188, 189) Electro- 
phoretic studies (135) of the mteraction of crystallme egg albumin and an amomc 
compound, alkylbenzene sulfonate, at pH 6 5 have demonstrated that up to 
a weight ratio of surface active agent to protem of 0 3 a complex is formed, the 
composition of which remains constant at 1 part by weight of surface active agent 
to 3 parts by weight of protem, and any excess of protem migrates as a separate 
boundary When the weight ratio of surface active agent to protem exceeds 
0 3 the electrophoretic mobihty is proportional to the composition but mter- 
mediate between the mobihties charactenstic of the protem and surface active 
agent Similarly, the mteraction at pH 6 8 of crystallme horse serum alb umin 
and the amomc compound, dodecyl sulfate, has resulted m the formation of two 
discrete complexes, the electrophoretic mobihties of which are mtermediate be- 
tween those for the dodecyl sulfate and the horse serum alb umin (189) The 
first complex corresponds to a weight ratio of 0 22 grams sodium dodecyl sulfate 
per gram of albumm while the second complex corresponds to a weight ratio of 
0 45 Any excess surface active agent migrates as an mdependent boundary 
Viscosity and diffusion studies of the same system confirm these results (160) 

Reference to our discussion of precipitation will show that the minimum and 
maximum weight ratios of surface active agent to protem for complete precipi- 
tation of horse serum albumm by sodium dodecyl sulfate are identical with the 
weight ratios reqmred for the formation of the two complexes observed electro- 
phoretically 

Dcnaturaiion We have seen, thus far, that mteraction of surface active agent 
mth protem may, with appropnate mass ratios of reactants, result m the forma- 
tion of discrete stoichiometnc complexes In the pH range m which the com- 
ponents are oppositely charged precipitation may occur Complex formation is, 
howeier, mdependent of pH over a wide region 

In addition to precipitation and complex formation, surface active agents have 
a powerful denatunng effect upon proteins (5) Hemoglobm and egg albumm. 
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of be^ metheiM^obm m neutral aolution, 0 0008 M duponol PC7 denatured 
ra^dly, m contrast to 8 M urea which took a considerable amount of tune 
Egg albumin, a protem upon which many previous studies of denaturation 
have^n reported, demonstrates the same proportion of sulfhydryl groups hber 
a^ by duponol PC as by guanidme hydrochlonde (6) Expressed as cysteine, 
the sulfhydryl groups hberated m egg albumin denatured by either of the above 
compounds is 1^ per cent which may be compared with the figure of 1 41 per 
cent reported by Hess and Sulhvan (80) as the total cysteine content of egg 
albumm The maxmmm proportion of sulfhydryl groups hberated by the but 
face active agent from egg albumm, 1^ per cent, exceeds that hberated by urea, 
0 96 per cent (154), or heat coagulation, 0 58 per cent (155) The latter two 
methods evidently fail to hberate the total number of sulfhydryl groups in the 
protem 

While the hberation of certain reactive groups, which are initially inert, is a 
widely studied manifestation of protem denaturation, there are other chemical, 
physical, and biological differences between native and denatured protem which 
have been demonstrated as a result of mteraotion with surface active agents 
Solutions of globular proteins possess a higher viscosity in the presence of neutral 
denaturants, thought to be due to an unfoldmg and consequent greater asym 
metry of the protem molecule (159) Both cationic and amonic surface active 
agents produce a large mcrease m the relative viscosity of serum albumin which 
IS mdependent of pH but vanes with the mass ratio of surface active agent to 
protem (160) In agreement with the methemoglobia experiments cited pre- 
viously, these viscosity studies demonstrate that surface active agents produce 
changes comparable to those produced by other neutral denaturants but at much 
lower concentrations Thus, similar alterations m the mtnnsic viscosity of serum 
albumm are brought about by 8 M urea and 0 17 M sodium dodecyl sulfate, by 
8 M guanidme hydrochlonde and 0 28 M sodium dodecyl sulfate (160) Some 
of the other manifestations of protem denaturation which have been observed as 
a result of the presence of surface active agents mclude a less r^dy crystallizing 
tendency of the protem after removal of the denaturant (187), alteration of x-ray 
diagram, mdicatmg change from corpuscular to fibrous airanpment (1^6), alter- 
ation of molecular weight (163, 215), and loss of specie biological ^ ^ 03, 

14 215) Serum proteins regenerate after denaturation by urea or gua 

ta™ u.. g,c.. 

i n oitiiniKrh Dossessmg a decreased antigemc activity (50, It/JJ 

lackmg 

1 A iDixture of the Q, to C« alcohol sodium suHates 
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It -Win be noted that the discussion of the interaction of surface active agents 
and proteins has, thus far, been hmited to the ionized agents This is natural 
since the phenomena which we have reviewed have been primarily the con- 
sequences of electrostatic mteraction Howev er, it should not be forgotten that 
another type of surface active agent remains the non-iomc Relatively httle 
data exist m the hterature concermng the interaction between this type of com- 
pound and proteins No endence could be found by electrophoresis (134) for 
any mteraction or complex formation between either native or heat denatured 
egg albumm and a polyether alcohol These results are consonant with the 
hypothesis of strong polar groups m surface active agents bemg requisite to mter- 
action with proteins This lack of mteraction of non-iomc surface active agents 
and protems has important consequences smce it allows their coexistence m 
solution with mamtenance of altered physical characteristics such as lowermg of 
surface tension, solubilization, etc , but divorced from such biologically delete- 
rious effects as denaturation 

INTERACTION BETWEEN SURFACE ACTIVE AGENTS AND ISOLATED BIOLOGICAL 

SYSTEMS 

Enzymes 

Studies of the mteraction of surface active agents and enzymes are meager 
In common with other protems, such enzymes as pepsm, urease, yellow ferment, 
and catalase are precipitable only when their electncal charge is opposite m sign 
to that of the surface active agent (117, 187) The activity of urease and phos- 
phatase has been found to be only shghtly inhibited by alphasol Ma® (148), but, 
smce the enzyme concentrations were not given and only a smgle concentration 
of surface active agent was used, evaluation of these results is difficult Freeman 
et al (55) have demonstrated that complete inhibition of enzymatic activity of 
amylase, hpase, and pepsm could be effected by an amomc surface active agent 
(an alkyl-aryl sulfonate, not further identified) while partial inhi bition was ob- 
tamed with trypsm and phosphatase In agreement with the low concentrations 
of surface active agent prenously shown to be sufficient for denaturation, those 
complete inhibitions require solutions of only 0 01 M or less surface active agent 

The activity of crystallme trypsm can be dimini shed by mteraction with soaps, 
and complete inhibition is achieved m the presence of sufficient soap (169) 
Soaps of the same paraffin cham length (Cw) but diffenng m the number of double 
bonds were equal in then abihty to inhibit tryptic activity Partial reversibil- 
ity of this inhibition occurred when the soap was precipitated from the soap- 
enzyme-substrate mixture by addition of calcium chloride It can be calculated 
from the data presented m this paper that the mass ratio of soap to protem nec- 
essary for complete inhibition approximates 2 5 

In what may well be a process analogous to the dissociation of conjugate pro- 
tems, amomc surface active agents can activate protyrosmase to produce active 
tyrosmase (3, 24) When an homologous senes of alkyl sulfates was tested, 

• Dihexyl sodium sulfosuccinate 
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optimal activating efficiency vras found m the 19 ia u 

OTOver, were not effective as protyrosmase activators (4) 

e absence of interaction between non-iomc surface active agents and pro- 
previously Advantage has been taken of this situaLn 
to formulate a method for the determination of hpase activity (7) Utilizing as 
a substrate the non-iomc compound, tween 20, » which is completely soluble m 
^ter, hpase activity can be determined m a one-phase system instead of the 
wo-pnase emuision previously required 


Toxins 

Bacterial exotoxms have properties which have, for a long tune, caused them 
to be identified with proteins This hj^pothesis has been greatly strengthened 
by the isolation, in recent years, of several tovins as essentially pure, highly active 
proteins (diphtheria (47, 168), tetanus (176), botuhnus, type A (1, 126), and 
botuhnus, type B (125)) It is reasonable to expect, therefore, that these toxins 
upon interaction with lomc surface active agents, will be subject to alterations 
similar to those exhibited by other proteins Like enzymes, toxins furnish a 
potent biological activity for measurement m addition to the physical properties 
susceptible to measurement m other proteins 
Tetanus toxm has been inactivated by bile salts and soap (131, 132, 234) and 
by the catiomc compound Kephiran*” (158) Similarly, diphthena town may bo 
inactivated by soaps (17, 19, 132) and the salts of fatty acids (205) The lower 
members of the fatty acid senes produced httie inactivation, but, beginmng with 
the acid containmg 8 carbon atoms m the paraffinic cham, a destruction of toxic, 
flocculating, and immunizin g properties is produced by solutions as dilute as 
0 01 M The lecithmase of Clostridium wekhtt, which is probably identical with 
the specific alpha toxm, is readily inactivated by sodium dodecyl sulfate (142) 
While it has been clauned that tetanus and diphthena toxins detoxified by 
sodium nemoleate are excellent antigens (130), contrary results bav e also been 
obtained (205) 


Erythrocytes 

Surface active agents, in contact with biological cells, frequently rause cytoly- 
sis This has been long recogmzed m conjunction wth red blood cells where the 
hemolytic effect of such natural surface active compounck as the ^Its and 
saponL have been the subject of many mvestigations (li9) Smcc inU^ 

» A tjolvoxvalkylene denvative of sorbitan monolaurate 
i.l'Stme oTthe C. to C., dimethyl benzyl ammonium chlorides 
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■n'liere a 1 100,000 dilution is lytic ■within a few minutes Plasma and its pro- 
tem and hpid components are capable of mhibitmg these hemolytic effects 

At sub-lytic concentrations, surface active agents still produce changes as 
endenced by alteration of erythrocyte shape from discoidal to spheroidal These 
disk to sphere transformations may be produced at surface active agent con- 
centrations only 1/10 of that necessary for hemolysis For the most efficient 
alcohol sulfates, calculation of erythrocyte surface area per molecule of lysm 
sho'ws that sphering may be accomplished even though there are not sufficient 
molecules of lysm m the S5^tem to cover the erythrocyte surfaces ■with a con- 
tmuous monolayer (180) 

Withm a restncted number of homologous amomc compounds, a relationship 
bet^ween surface actinty and hemolytic actiiuty is found (83) When the scope 
of the chemical structures tested is broadened, however, this relationship no 
longer holds true lomc compounds 'with like surface actmty are found to have 
■widely different hemolytic actmties and certam non-iomc compounds are found 
to be non-hemolytic at concentrations which demonstrate surface tension prop- 
erties eqmvalent to those of amomc and catiomc compounds which are mtensely 
hemolytic (65) This lack of hemolytic actinty by non-iomc compounds lends 
support to the view of Ponder (180) that surface active agents form complexes 
•with hpid, hpoprotem, and protem components of the erythrocyte ultrastructure 
as a stage m the hemolytic process That this mteraction of surface active agents 
and erjifirocytes may operate to alter the normal lomc permeabdity of the cellu- 
lar membrane to produce a so-called “colloid osmotic hemolysis” has recently 
been mdicated (240, 241) 

Many of the aboi e mentioned experimental observations on the mteraction 
of erythrocytes and surface active agents and the theoretical inferences as to 
their mechanism 'wiU find analogies m the commg discussion of the mteraction 
of bacteria ■with similar compounds 

Bacterial Growth 

Alteration of surface tension may produce marked effects on the growth of 
microorganisms The bulk of the studies that were completed before the advent 
of modem synthetic surface active agents utihzed such substances as soaps, 
bile salts, and saponm as surface tension depressants (for hterature of this early 
■work see 56, 133) 

It IS well to recogmze that culture media ordmanly have surface tension values 
lov er than that of water, due to their protem content Thus h'larshall (149), m- 
vestigatmg a number of routmely used culture media, found their surface tensions 
m the order of 45 to 54 dynes/cm as compared ■with 72 for water 

Reducmg •the surface tension of the medium below 45 dynes/cm may well 
change the character of gro^wth of microorganisms In media of low surface 
tension. Bacillus suhiihs and Mycobacterium tuberculosis may cease peUicle for- 
mation and grow submerged and dispersed throughout the bulk of the hqmd, nor) 
some anaerobes, particularly Clostridium fetam, have been reported to grow 
aerobicallj' (128, 129) It is difficult to ascribe this last effect to surface acti-vity 
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media (1^, 218, 245) The foUorraig order of sensitivity of growth to depres- 
sion 0^ tension has been determined by Wolf (245) The list commences 
with the most sensitive 

Con/nebadenum diphlhenae 
Clostridium welchtt 
Erysipelothnx mwnsepticus 
Bacillus subtihs 
Clostndtum sporogenes 
Bacillus proteus 
EbertheUa typhosa 
Pseudomonas pyocyaneus 
Eschenchia colt 
Salmonella paralyphosus A 
SdmoneRa paralyphosus B 

It 18 well to consider these early expienments on the relalion of surface tension 
to bactenal growth with a good deal of reserve Most of the observed effects 
are probably more ascnbable to specific effects of the surface active agent used 
than to alteration of surface tension per se As was seen m our discussions of the 
mteraction of surface active agents with proteins, or with erythrocytes, the ionic 
nature of the surface active compound is an important factor m the results ob 
tamed Non-iomc compounds do not interact with proteins even though they 
possess surface tension depressant properties similar to the ionic compounds 
which, under sunilar circumstances, may cause precipitation, complex formation 
and denaturation With the erythrocyte, too, some non-iomc compounds were 
non-hemolytic despite surface tension alterations which, m the case of the lomc 
compounds, were far above the minimum necessary for complete hemoijsis 
That RimilftT factors are of importance m detcnmnmg the results of the inter- 
action of surface active agents and bactenal cells may be concluded from the more 
recent work, which shows that, dependent upon the nature of the surface active 
agent used, a whole gamut of results may be ohtamed from ba^enc.dal act.vit> 
at the one extreme to facihtation of submerged, disperse groj^h at the other 
Studies of the effects of a vanety of cationic and amomc surface act. e agente 
on the respiration and glycolysis of both gram positive and gram negatne m.cro- 

u Synthetic surface active agents will cause 
instead of bile salte in the differentiation of pneumococci from streptococc HI 
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organisms have demonstrated the supenor effectiveness, at physiological pH, of 
the catiomc compounds as inhibitors^ of bacterial metabohsm (10) While the 
catiomc compoxmds are equally effective against both gram positive and gram 
negative orgamsms, the amomc compounds show a selective activity against the 
gram positive orgamsms A s imil ar selectmty is illustrated m the effects of 
amomc compounds on the lactic dehydrogenase and cytochrome systems of 
suspensions of Staphylococcus aureus and Escherichia coh (163) As one departs 
from physiological pH the catiomc compounds become more active m the alkahne 
range, and the amomc m the acid range In common with the previously dis- 
cussed effects of chain length on the actmty of surface active agents, ma ximal 
effectiveness for inhibition of bactenal metabohsm has been demonstrated m the 
Ci 2 to Ci6 range ” 

An outstandmg current apphcation of surface active agents m bactenology has 
been the discovery of the effect of tween 80, a non-iomc, fatty acid ester type 
coupound^^, m promotion of submerged and diffuse growth of tubercle bacilh (44) 
Although virulent tubercle baciUi are among the least fastidious of pathogemc 
microorgamsms m their metabohc requirements, in miro growth of these organ- 
isms has necessitated relatively large mocula and long penods of mcubation with 
aU the disadvantages inherent m the resultant heterogeneity of the cellular pop- 
ulation 

Utih zm g a modified Kirchner medium Dubos and Davis have demonstrated 
that addition of tween 80, up to an optimal level of 0 1 per cent, greatly enhanced 
the rate and abundance of growth of an avian (Ehrchberg) stram Correspond- 
mg experiments with a human stram (H37RA0 are more chfiBcult to assess from 
the standpomt of the amount of growth due to the granular masses of the control 
cells as compared with the isolated cells and microscopic loose clumps prevaihng 
m the culture grown m the presence of tween 80 This abihty to facilitate sub- 
merged and diffuse growth of mycobactena m hqmd media seems resident m the 
surface active properties of the substance smce non-surface active oleic acid 
esters are not effective 

While tween 80 promotes the diffuse submerged growth of tubercle bacdh, 
early experiments required relatively large mocula This inhibitory effect 
against small mocula has been found to be due to small amounts of unestenfied 
oleic acid^® present either m the original commercial tween 80 or formed as a 
result of hydrolytic action of biological matenal on this product Chemical 

At concentrations below those effective in causing inhibition of bactenal metabolism 
an actual stimulation of metabolism may, sometimes, be found (10) This stimulatory 
effect has been f oimd much more frequently with amomc than with catiomc surface active 
compounds 

1’ Growth retardation and inhibition may, however, occur at concentrations of surface 
actii e agent which have httle or no effect on cellular energy production (201) 

1* A polyovyalkylene denvative of sorbitan monooleate 

** Although free long cham fatty acids may be inhibitory to many microorganisms, the 
same compounds estenfied or formed into complexes with native serum albumin may have 
these toxic effects rmmmized or eradicated and the resultant atoxic compounds may actu- 
ally enhance the growth of certain bacteria (43) 
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su^esrful growth from truly mmuaal moouk of 2 or 3 Smo sT " 

^ characteristic morphology and staining (45? This 
^h^S mamtamed for over a year inth repefted tranS 

m hqmd media containing this product Return of these cultures at an 3 tune 

(e g . egg yolk media) causes reversion to a granular typo of 
^ wth In addition to retention of characteristic morphology and staining, 
pathogemc mycobacteria grown m the presence of tween 80 are extremely 
virulent for mice, guinea pigs, and chick embryos and are able to elicit the produc- 
tion of agglutinins for the homologous cultures It is well to caution, however, 
that tween 80 in conjunction with the tubercle bacilh may act as a haptene, 
thus serving as a potential source of confusion m immunological analysis 
Successful apphcations, using both fluid and sohd media mcorporatmg this 
surface active agent, have been made to studies of the pathogenesis of expen 
meats} iuber<?ul<jsis in mice (174), the morphological characteristics correlated 
with the virulence of mamahan tubercle bacilh (151), the rapid cultivation of 
tubercle bacilh from pathological material (54), the demonstration of naturally 
occumng streptomycin resistant variants of the tubercle bacillus (233), and the 
revelation of the antibiotic activity of subtihn against Mycobacimum luberculosis 
(247) 

Stimulated by the obvious advantages of having water-soluble non tone 
solutions of oleic acid in the form of tween 80, Wilbams ei al (243) have made 
use of this compound m studymg the metabolism of lactic acid bacteria 

Badenoslalic and Bactericidal Aclimiy 

Current mterest m the apphcation of surface active agents, other than soaps, 
as bactericides steins from the work of Domagk (38) although scattered previous 
indications of the bactencidal possibilities of these compounds is available m 
the hterature (75, 89, 90. 91) We have already discussed the role of such 
factora in chemical structure as alkyl chain length, nature of the anion, nat^ 
of the central atom, and biological specificity m determination of the bactencidal 

properties of quaternary ammomum salts 
Smee It has been widely observed that m any homologous senes of surface 
active compounds the bactencidal efficiencyand the surface depr^nt propcrti^ 
increased with mcreasmg alkyl cham length, it has been natural tocoa^rthe 
possible relation between surface activity and bactencidal actm^ aU 

surface active compounds which are efficient bactenc.des have 
nossess a marked abffity to reduce surface tension, the converse is not necc«ardy 

true iixwnsive ex^ molecular weight aliphatic acids which 

.. purtW ..nun Mtnunu, M enUn, ..«• my b, uu.M 

heating at 66 C 
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leprae and other acid-fast bactena (216, 217) Similar conclusions have been 
reached from a study of various commercial surface active compounds (59) 
Further confirmation may be inferred from the demonstration that non-iomc 
surface active agents, although effective as depressants of surface tension have 
httle or no effect on bacterial metabohsm and are not bactencidal (12, 85) 

In our discussion of the inhibitory effects of surface active agents on bacterial 
metabohsm we saw that catiomc compounds, at physiological pH, are more 
effective than amomc (10) In addition, catiomc compounds possess equal 
effectiveness against both gram positive and gram negative organisms while 
the amomc compounds show a selective activity against gram positive organisms 
In general, the results of studies of inhibition of bactenal metabohsm and bacten- 
cidal activity of surface active agents parallel each other, although quantitative 
correlation has not always been obtamed (11)'^ With respect to the selective 
actinty of amomc and catiomc surface active compounds, similar conclusions 
may be drawn from studies of theu bactericidal activity^® as were obtamed from 
studies of their inhibition of bacterial metabohsm (11, 23, 33) 

In these comparative studies of the effects of surface active agents on bactenal 
metabohsm and viabdity, some mterestmg obsen^ations were made on a non- 
quatemary type of catiomc compound (10, 11) These compounds are alkyl 
esters of ammo acids (e g , the lauryl ester of alpha-ammo isobutync acid) 
When they possess an optimal number of carbon atoms m the ammo acid they 
are effective m inhibiting bactenal metabohsm but qmte ineffective as bacten- 
cides No explanation of this discrepancy is apparent Unfortunately, there 
seems to be no other published work on the biological activity of these compounds 
to which these results can be compared 

As one departs from a neutral pH, the catiomc compounds tend to become 
more efficient bactencides m more alkalme solutions and less efficient m acid 
solutions with the reverse situation holding true for the amomc compounds 
(48, 59, 60, 61, 84, 190) Cetyl pyndimum chlonde, however, seems to mam- 
tam an even level of bactencidal activity over the pH range of 2 to 10 (190) 
with no explanation apparent for its mdividuahty m this respect This de- 
pendence of the bactencidal efficiency of surface active agents on pH is analogous 
to the relationship obtainmg when inhibition of bactenal metabohsm is used as a 
cntenon of activity (10) and has many pomts of suml anty to the effects of pH 
on the bactencidal activity of acidic and basic dyes (219) This pH dependence 
also means that the relative bactencidal superionty endenced by catiomc com- 
pounds v hen compared, at neutral pH, with amomc compounds may not only 
change quantitatively as the pH is altered but, under appropriate conditions, 
amomc compounds may display a marked supenonty over catiomc Table 4 

This may be largely due to the methods mvolved In studying inhibition of bactenal 
metabolism one measures the actual per cent inhibition as compared with the control, 
whereas m bactencidal studies the presence or absence of viable cells is measured without 
anj mtermediate possibilities 

However, m the bactenostatic range a greater activity against gram positive bactena 
mav be shown by catiomc compounds (107) 
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3^ ^ermental conditions, cetyl tnmethy] ammonimn bromide displays a 
phenol coeffim^t of 1200 m the absence of added organic matter, this 
^creases to 380, 225, 150, and 62 respectively in the presence of 2, 6, 10 and 
20 per cent added horse serum (84) Further illustration of the effect of the 
presence of protem material upon the bactencidal efficiency of cationio com- 
pounds against a variety of rmcroSrganisms may be found m table 5 When 
one keeps m mind the complexes formed by the mteraction of proteins and 
surface actve agents this inhibition of bactericidal activity by the presence of 
added protem is not at all surpnsmg In addition to proteins, the hpids display 

TABLE 4 

Baclenctdal aclmly of an amontc and caiionie turface 
acUve compound at varying pH 
Adapted from (69) 


iMAxnui ummoia Koirao mwvrococCTS adudi w to vxmrts but kot 
m S At 37 C 



1 I®* 

pH S 

pH 6 

( 

( p®* 

( PH9 

Aerosol OT 

Tnton K-12 


1 32,500 
1 150 

1 6,000 

1 400 

mm 


1 

I 20,000 


* Hus test perfonned at pH 7J2 

a marked ability to counteract the bactencidal effects of surface active com- 
pounds (68) Phosphohpids added before or simultaneously mth surface 
active agents decrease or prevent the mhibitoiy effects on bacterial metabolism 
displayed by surface active compounds (12) Similar protection by pbosph(> 
hpids is evidenced when the bactencidal activities of surface active compounds 
are studied Since the phosphohpids possess a characteristic polar-nonpo ar 
structure, they are surface active Although they do w 

bactenal metabohsm it is conceivable that, by adsorption to the bactcml ^ 
face they alter ite nature Indirectly, this view is supported by such e^ade^ce 
L tie Ktat,on of the p™tert.ve eSecte rf 

beep «posed to tle^ tootpomd. imd ta <™hed ““ (W 

pdded»b»^e.ttotte^»rf.c.eob^ 



active agents (194) i tLat pprtam surface actue 

St Z'SJ^ZXZSZTbe.P e^p^ested . to .he v.M.U ™d 
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significance of some of the high phenol coefficients reported m the hterature 
This concern has been engendered both by thoughts of the general mapphca- 
bihty of the phenol coefficient test to determination of the bactencidal efficiency 
of non-phenohc compounds which may be totally unlike phenol m chemical and 
bactencidal properties (27, 28, 100, 198) and, more specifically, by reason of 

TABLE 6 


Qermxcidal acltinly of celyl pyndtntum Monde aqueous solution 
from Quisno and Fotor {190) 


02CAKISU 

hO ST&AI^5 
TEBTXP 

A\’E£ACE CKTnCAL X 
nrBMS or ACTIVE INC 

No serum 

TLLTNO DILUTION IN 
lEEDIENTS AT 37 C* 

1 10 % bovine scram 

Staphylococcus aureus 

5 

1 83,000 

1 12,500 

Staphylococcus albus 

1 

1 73,000 

1 12,000 

Streptococcus tnridans 


1 42,500 

1 12,000 

Streptococcus hemolyticus 


1 127,500 

1 17,000 

Neissena catarrhalis 


1 84,000 

1 13,000 

Diplococcus pneumoniae I 

1 

1 95,000 

1 14,000 

Diplococcus pneumoniae III 

1 


1 20,000 

Pseudomonas aeruginosa 

2 

1 5,800 

<1 1,000 

Klebsiella pneumoniae 

2 

1 49,000 

1 5,500 

Corynebacienum diphthenae 

1 

1 64,000 

1 14,000 

Mycobactenum phlei 

1 

1 1,500 

1 1,000 

Eberthella typhosa 

6 

1 48 000 

1 3,000 

Eschenchia coli 

2 

1 66,000 

<1 1,000 

Proteus vulgans 

2 

1 34,000 

1 2,000 

Shigella dysenteriae 

1 

1 60,000 

1 5,000 

Shigella paradysentenae (Fle\ner) 

2 

1 52,000 

1 3,500 

Shigella paradysentenae (Hiss) 

1 

1 49,000 

1 2,000 

Shigella sonne 

2 

1 68,000 

1 6,500 

Lactobacillus acidophilus 

1 


1 16,500 

Brucella abortus 

1 


1 19,500 

Tnchomonas vaginalis 

1 


1 3,000t 

Candida albicans 

1 

1 37,000 

1 3,500 

Cryptococcus neoformans 

1 

1 61,000 

1 6,000 

Trichophyton mentagrophytes 

1 

1 36,000 

1 3,000 

Microsporum cams 

1 

1 34,000 

1 5,000 


* The cntical killing dilution is defined as the highest dilution of germicide which will 
kill in 10 mmutes but not in 5 

t Twenty-five per cent human serum 


the mdiYiduahstic properties of catiomc surface active agents (22, 103, 104, 
199) Factors m the Food and Drug Administration method of testmg germi- 
cides (203) against which cnticisms have been leveled mclude the foUowmg 
features of especial mterest m testmg surface active agents 

(a) Inconstancy of the culture medium 

(b) Failure to distmgmsh between bactenostatic and bactencidal action 

(c) Lack of uniformity m size of transfer m prepanng subcultures 

(d) Presence of orgamc matter 
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^^0”^ natural 

materials Ph^hohpi^, as previously stated, are capable of mterfenng mth 
bactenci^ activities of catiomc surface active agents (12) Recogmtwn of 
synthetic and senu-synthetic media to be recommended 

Demotion between bactencidal and bacteriostatic effects represents another 
problem which the catiomc surface active agents share with other bactencidal 
compounds of high efficiency, such as the heavy metal salts Methods based 
both on dilution and the presence of specific antagonists have been devised to 
meet this problem Subcultunng of organisms, which have been subjected to 
the action of the eitpenmental bactencide, into large volumes of culture media 
or even retransferrmg a loopful of the first subculture mto a second tube of 
culture medium has been suggested to minimize, by dilution, the effect of any 
surface active agent earned over (103, 212) Neutrabzation of any surface 
active agent earned over m subcultunng may be accomplished by mcorporation 
of lecithin (193) or sodium stearate (183) into the subculture medium A semt- 
sohd broth containmg lecithm has also been suggested (8) which allows discrete 
colony growth and detection of partial inhibition 

Smee the presence of surface active agents in the medium alters the surface 
tension, the standard loopful used m subcultunng will contam varying volumes 
of media (and therefore varying numbers of organisms) A volumetnc transfer 
has been recommended (183, 226) 

It IS universally agreed that the presence of orgamc matter lowers the efficiency 
of bactencides It is important to keep m mmd, however, that, due to such 
factors as the concentration, reactivity, and adsorbabihty of the bactericide, 
the presence of a given amount of organic matter may affect the efficiency of 
chemically different types of bactencides to varymg degrees The catiomc 
surface active agents are used m low molar concentration so that rcmoial of a 
given number of molecules from the field of action will have a Foportionatcly 
greater effect upon them than on many bactencides of lower efficiency (10 1) 
llie presence of phosphohpids (12) and fats (194) mhibits the bactencidal 
activity of catiomc surface active agents, m addition to protein forming com 
plexes with them The high degree of surface actinty of these compoun 
while advantageous from the stondpomt of facihtatmg tissue penetmtion is 



1948] 


SURFACE ACTIVE AGENTS 


131 


of the containing vessel (40, 103, 105, 140, 191) This agglomeration and ad- 
hesion leads to ohmous difficulties in obtammg uniform exposure or representa- 
tive samphng of organisms and is a contnbutmg factor to the inconsistencies 
imn ersally reported m the testing of quaternarj’- ammomum compounds by the 
phenol coefficient method 

Modifications of the phenol coefficient test which have been recommended 
for use with surface active agents mclude the use-dilution method, where actual 
concentrations recommended for samtarj'^ use are tested (146, 199), a glass shde 
techmque utihzmg a 99 9 per cent endpomt (95), a combination of the phenol 
coefficient test with plate count and swab count (30), a semi-micro adaptation 
of the phenol coefficient test m which the entire volume rather than an ahquot 
of the bactenal suspension-bactencide solution is cultured (103), and a filter 
paper transfer techmque (103, 104) Agar-plate or cyhnder-plate methods of 
testmg bactericidal activity, while widely used with chemotherapeutic agents, 
have not been found apphcable to quaternary ammomum compounds (173, 192), 
possibly due to the inabihty of lomc aggregates to pass through the agar network 
(173) or due to physical adsorption of the catiomc compounds on the agar (192) 

An attempt has been made to avoid the difficulties and mconsistencies of the 
in miro methods of evaluation by resort to in vivo testmg The developmg 
chick embryo has been used by mocuiation of the chonoallantoic membrane 
with Staphylococcus aureus, treatment of the infected membrane over a period 
of five days with the bactencide under test, followed by culture of the membrane 
for estimation of the remaimng organisms (68, 69) Another method utilises a 
iirulent stram of Salmonella iyphimunum as the test organism and follows the 
procedure of the phenol coefficient test with the modification of subculturmg the 
treated organisms by mocuiation mto mice rather than culture broth End- 
pomts were determmed by recovery of organisms from the heart blood of the 
mfected mice (98) The techmque of Nungester and Kempf (161), where the 
tail of a mouse is immersed m the bactenal culture-bactencide solution and 
then a portion of the tad transplanted mto the abdominal ca\nty of the mouse, 
has also been apphed (175) These extensive efforts m the methodology of 
evaluation of the bactencidal efficiency of the catiomc surface active agents 
have yet to jneld a method which is uneqmvocal and umversaUy accepted by 
workers m the field 

If it IS proposed to utilize bactencides m contact with animals tissues it is, of 
course, important to ha^ e a measure of the relative toxicity of the bactencide 
to pathogemc bactena and to tissue A number of workers have measured 
toxicity mdices (i e , ratio of bactenal toxicity to tissue toxicity), where the 
toxicity to bactena has usually been determmed by the phenol coefficient test 
and the toxicity to tissue by the effect of the bactencide upon the phagocytosis 
of artifically opsomzed staphylococci (82, 236, 237), or by the effect on the chick 
embrj o (63, 244) In general, the toxicity mdex has been found to be lower for 
bactericides of the surface active quaternary ammomum tjqie than for com- 
pounds dependent upon chlorine, mercury, permanganate, alcohol, or formalde- 
hj de for theu: action (235) 
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tompomd, the «;t,v,ty ot »t,l pjr,d.mnm cUcnde 
Has been chosen as an example and tabulated (see table 5) 

addition to their utdity as bactencides and fungicides, quaternary am 
mommn salts ^ve been found useful as cysticides Several cationic Surface 
acfave agents haye demonstrated efficiency m the destruction of water borne 
cysts of Entamoeba histolytica while amomc and non-ionic compounds were 
found of lesser utihty (51) 

Synergistic Adimly Surface active agents have also attracted mterest m 
recent years because of their possibihties m potentiatmg or synergizing the 
activity of bactencides and fungicides of different chemical nature Addition 
of amomc surface active compounds to phenol denvatives has, m several studies, 
increased their bactencidal efficiency 60 to 100 per cent (61, 164, 165, 227) 
Evidence has been obtained that this enhancement of bactericidal properties is 
pnmanly due to a synergistic action between the surface active compound and 
the undisEOCiated phenols (164) Ordinary soaps, which are commonly used 
to emulsify phenobc bactencides of lumted aqueous solubihty, will actually 
tend to decrease the bactencidal efficiency of these phenolic compounds due 
to the alkahmty the soaps produce upon hydrolysis and the consequent decrease 
in the proportion of undissociated phenol present Ordinary soaps are not usable 
m acid solutions due to the limited solubihty of their amomc fatty acids The 
synthetic amomc surface active agents, on the other hand, are soluble m acid 
solution and mixtures of phenohe bactencides and surface active agents can 
be formulated with the phenols present m the undissociated form This ahows a 
maximal bactencidal effect of the phenohe compound per sc plus maximal 
synergistic effect of the added surface active agent It has also been indicated 
that some synergistic effects can be demonstrated between surface active agents 
and mercunals, permanganate, and hexylresorcmol’’’ (53, 61) 

While discussmg the synergistic effects of surface active agents used m con 
junction with bactencides, it may be well to caution against the formulation of 
mixtures of amomc surface active agents and quaternary ammomum salts 
Smee the quaternary ammomum salts are catiomc compounds they will com- 
bme electrostaticaUy with the amomc surface active agents and iW even 
precipitate out of solution, with a loss of bactencidal efficiency rather than the 

CerlM th. probable 

:rovo.b.o .asorp.,.. or 

.. 

Th. ,T.o,g.l,c .1... »» .«• d»<-r.bU .h» pH obaop. «<«• 

controlled (62) 
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combination of ions of these compounds with bacteria Evidence, by analogy, 
for this new maj' be obtamed by reference to the demonstrated abihty of bactena 
to adsorb hydrogen ions and other cations from solution and to enter mto ion 
exchange (137, 138) Further evidence is obtamed from the dependence of the 
bactericidal activity of surface active agents on pH which operates to mcrease 
the activity of the surface active compound when the production of oppositely 
charged ions m the bacterial cell is favored (231) More directly apphcable is 
the demonstration that the inhibitory action on bactena of catiomc surface 
active agents may be delayed by pnor treatment of the bactena with amomc 
surface active agents (42) 'Indeed, withm certam time hunts, this inhibitory 
action may be reversed by subsequent introduction of an amomc compound 
(231) , m addition, there is reported a protective action on bactena of the presence 
of a catiomc compound, which is bactencidaUy relatively meffective, m con- 
junction with an eJEfective catiomc compound Presumably, this protective 
effect operates through shiftmg the adsorption eqmhbnmn of toxic cation and 
bactena through competition for reactive sites 

Recent work, however, has cast some doubt on the vahdity of these observa- 
tions (107) Amomc compounds added after the exposure of bactena to catiomc 
compounds were shown not to be able to reverse the bactencidal effect Repeti- 
tion of the demonstration of competitive action of bactencidaUy meffective 
versus effective catiomc compounds was not attempted While there seems to 
be httle doubt of the abihty of bactena to act as ion exchangers and to adsorb 
ions of surface active compounds from solution, the role of this mechanism m 
the bactencidal activity of these compounds has yet to be clearly dehneated 
expenmentaUy 

One of the observations m studies of the effects of surface active agents on 
bactenal metabohsm has been an upper limi t to the percentage inhibition ob- 
tamed (80 to 95 per cent) regardless of mcrease m concentration of surface ac- 
tive agent (10, 11) These data have been mterpreted as evidence against the 
hypothesis that an enzyme of key importance exists which is very sensitive to 
surface active agents, smce it might be expected that mcreasmg the amount of 
such agent would give an excess capable of totaUy blockmg metabohc activity 
(85) ^ As an alternative consideration, the possibihty of disruption of some 
ceUular membrane component with a consequent mcrease m permeabihty is 
suggested a mechanism reminiscent of that associated with erythrocyte hemoly- 
sis With this mechanism, intraceUular constituents such as enzymes, ions, 
coenzjTnes, and metabohc mtermediates would be released to the surroundmg 
medium by the lytic action of surface active agents This dilution of the mtra- 
ceUular contents would reduce to a low level the metabohc activity observed 
vith no further effect to be expected upon addition of more surface active agent 
until the concentration was high enough to mterfere by denaturation and inac- 

However, the possibility of alternate metabolic pathways should be considered e g , 
metabohc reactions mvolving ammo acids in which dehydrogenation reactions take place 
through the mtermediarj functions of various hydrogen acceptors, without the utilization 
of ovj gen ( 206 ) 
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experimental support of tbs lysis mechan 

roi of the function of surface active agents, chemical analyses havrbeen made 
of the tncboracetic acid soluble phosphorus and mtrogen compounds released 
in the washings of staphylococci m the presence of vanous anionic, cationic and 
non-iomc surface active agents (85) Whenever the nature and conccntmtion 
of tte surface active agent are adequate to be bactericidal, a leakage of nitrogen 
and phosphorus compounds from the cells is observed (85, 86) Confirmation 
of tbs lytic mechanism is found m studies of the release of specific ammo acids 
from bactenal cells (57) Determinations of the release of lysme from Slrcp- 
iococcus Jaecahs showed that surface active agents (tyrocidm, CTAB, and 
aerosol OT) hberate lysine proportionate to the concentration of surface acfne 
agent used up to a level that is sufficient to hberate the total lysme of the bactenal 
cells This lytic effect is quantitatively similar to the bactencidal effect of the 
same compounds Non-surface active bactericides (penicilhn," acnSavm, 
sulfa drugs do not exbbit tbs lytic effect) 

The two theoretical considerations presented above have emphasized the 
role of the bactenal surface in determining the results of mteraction of surface 
active agents and bacteria Witbn the bactenal cell there exist many com- 
pounds essential to metabohsm and growth wbch are susceptible to interaction 
with surface active agents and consequent alteration of their specific metabolic 
activity The abihty of surface active agents, at concentrations of the same 
order of magmtude as were bactencidal, to precipitate proteins and, m the case 
of conjugated proteins, to cause dissociation, has impressed several workers 
(12, 117) as a possible mechanism of them antibactenal activity Tbs view has 
been chhlleng^ (85) on the baas of the quantitative differences m mass ratio 
of protem to surface active agent required for denaturation of ordinary proteins 
as compared with bactencidal effects In view of the meagemess and rough 
ness of the data thus far available, it would seem premature to disregard de- 
naturation in theonzmg on the mechamsm of the antibactenal actmtj of surface 
active agents 

Jnteradwn with Viruses 

To the extent that vims activity may be considered resident m s protein 
stmcture, it might be expected that the conclusions f 

interaction of proteins and surface acUve agents ^ ^ to 

mteraction of viruses and surface acbve agents ^ ^ 


finriK nf viruses and surface active agents, uuvvev«, 

“XL” — Xd. ^ 

« compare, howler, the recent revelation of a hi^ degree of anrfac activity 
Eodium salt of penicillin (77) 
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addition, most studies have been planned solely on the basis of the demonstra- 
tion of abihty or inabihty of the surface active agent to inactivate virus activity 
Studies of the purified plant viruses of tobacco mosaic, tomato bushy stunt, 
and potato “X” m the presence of the amomc compound, dodecyl sulfate, have 
demonstrated virus mactnation vnth a concomitant sphttmg of the nucleic 
acid from the protem (13, 14, 16, 215) These luruses vaned m susceptibihty 
to the action of the dodecyl sulfate, vith potato “X” bemg most susceptible 
and tomato bushy stunt least susceptible Within a rather narrow range of 
experimental conditions (pH, temperature, and dodecyl sulfate concentration), 
mactivation of tobacco mosaic vmis without loss of serological activity can be 
demonstrated (16) and under these conditions amsotropy of flow is retamed 
With mcreased concentrations of dodecyl sulfate, however, more severe molecular 
changes are produced leadmg not only to loss of infectivity, but to abohtion of 
serological activity and anisotropy of flow as well Similar results are possible 
with the tomato bushy stunt virus although, m general, it is easier to demon- 
strate destruction of mfectivity without loss of serological activity with the 
tomato bushy stunt virus than with the tobacco mosaic virus hlany aspects 
of the interaction of dodecyl sulfate and these plant viruses are similar to the 
effects of urea, as a denaturant, upon the same viruses (15) 

In the interaction of catiomc compounds with tobacco mosaic virus, aggrega- 
tion parallehng mactivation has been demonstrated (172) The efficiency of 
catiomc compounds m causmg virus aggregation was proportional to the length 
of their alkyl cham, and concentrations necessary for precipitation of the virus 
were similar to those necessary for precipitation of such simpler protems as egg 
albunun and lactalbumm 

Parallehng the mvestigations of mactivation of toxms by soap and bile salts, 
and the attempted use of these mactivated products as vaccmes, many mvesta- 
gators have studied the effect of these same compounds on animal viruses with 
similar ends m view (20, 32, 79, 139, 177) Perhaps the mvestigations of Klem 
el al (106) bnng out most of the relevant pomts, other than immunogemc capac- 
ity, endent from mteractaons of nmmpl viruses and surface active agents 
reported, thus far, m the hterature WTien amomc, catiomc, and non-iomc 
surface actii e agents were allowed to mteract with animal viruses and bacteno- 
phages, the abihty of a surface active compound of a given homologous senes 
to mactiiate was foimd to be proportional to alkyl cham length, a non-iomc 
surface actiie compound had no mactivatmg effect, and vanous viruses and 
phages differed from each other m susceptibihty to mactivation One of them, 
the gamma phage active against Escherichia call B was highly resistant to aU 
surface active agents used Indeed, on the basis of these results, catiomc surface 
actn e compounds have been recommended for the isolation of coh phage from 
sewage (97) 

This difference in susceptibihty of i anous nruses and phages to mactivation 
bi surface actiie agents and the seeming mabihty of mactivation of some of 
them has been observed elsewhere (29, 214) Thus, Burnet and Lush (29) 
utihzing sodium desoxj cholate, sapomn, and sodium dodecyl sulfate as surface 
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’^y completely to inac- 
tivate the influenza virus (116) and on this basis have been recommended for 

reeing tooat washings, egg fluid, or ground mouse lung from adventitious 
Dactena (115), many reports of the inactivation of influenza virus by higher 
concentrations of both amomc and catiomc surface active agents exist (29, 108, 
110, 214, 222, 223) In the case of the influenza and also the lymphocytic 
chonomemngitis virus, attempts to recover active virus by removal of the 
surface active agent were unsuccessful (224) The PR 8 stram of influenza 
virus, type A, rendered non-mfectious by treatment with sodium oleate has 
been found to retam its unmunogemc capacity unaltered (222, 223) Although 
the antigenic capacity of only this one strain was tested after inactivation by 
sodium oleate, various other strains of both type A and B influenza virus were 
shown to be inactivated by the same procedures Inactivation of virus by 
surface active agents with retention of antigemc capacity has also been reported 
with the neurotropic stram of the yellow fever virus (52), but, on the other hand, 
immunization experiments with lymphocytic chonomenmgitis virus inactivated 
with surface active agents were unsuccessful (224) Although there are early 
reports of the antigemc capacity of sodium nemoleate inactivated pohoraychtis 
viniB (112, 143), later work has not confirmed this (113, 162) 

AJ?PIiICATIOK OF SURFACE ACTIVE AQEim TO PROBLEMS OF SANITATION 

The surface active agents of primary mterest m apphcation to problems of 
sanitation are the quaternary ammommn compounds which, we have seen, have 
outstandmg bactencidal properties A more concrete idea of the extent of 
current use of these compounds may be obtamed from the latest government 
statistics (229) showing 1945 production m the Umted States to exceed 3 million 

^ Quaternary ammomum compounds have several advantages for consideration 
as bactencides (191) At effective concentrations they are virtuaUy ^orfcs, 
tameless, low oral towetj. and are ralattvely aoa-wnlalmB ‘o " 

Bj virtiK of thew Biwlaee aelivrty they penetrate and wet .^aees 1^ 
they are rtable, non.orr»ye «d nentral 
odor inaies them eapecdly deanable m the aamtabo. of 

In contort to these advantages, .t a, we« to lerj m mmd ^ 
cdal effietency of .[UatenimT anmonmm compounds m 
.shod by deorema, m oabomc and 

irc^hir'c:?^ m^tSfe., .mong wh.ch nngh. be m.n.,..«l cap 



1948] 


BUHFACE ACTIVE AGENTS 


137 


and anionic surface active compounds m general, sodium hevametaphosphate, 
sodium metasilicate, and acidic dyes It is especially important to keep these 
mcompatibihties m mmd vrhen compoundmg formulations designed to have 
high detergent as well as bactencidal properties Smce the bactencidal efficiency 
of most quaternary compounds is not constant over a wide pH range it is im- 
portant also to evaluate the compounds at the pH actually to be encountered 
m particular samtary apphcations 

Because of the considerable pnce differential between the quaternary am- 
momum and phenohc compounds, accurate evaluation of their relative bacten- 
cidal efficiency is most important m amvmg at a decision as to their comparative 
ments m any practical situation Unfortunately, as we have seen m our discus- 
sion of methods of evaluation of these compounds as bactencides, no smgle test 
method gives an uneqmvocal answer to this problem Indeed, it has been con- 
cluded (199) that the only rehable basis for selection of a bactencide hes m 
actual determmation of its utihty under the conditions of ultimate use 

Some of the current samtary apphcations of quaternary ammomum compounds 
wdl be bnefly remewed to give an idea of the scope of their apphcation In eat- 
mg establishments thej' have been recommended for samtizmg dishes, glasses, 
and utensils (114, 145, 147) Detergency of these bactencidal dishwashmg 
formulations may be mcreased by the addition of appropnate non-iomc surface 
active compounds It should be kept m mmd that if the alkahmty of the deter- 
gent IS sufficiently high to saponify fat the resultmg soap wiU inactivate the 
catiomc quaternary ammomum compound with resultant loss m bactencidal 
activity (70) The dairy mdustry finds quatemanes useful m the samtation of 
milk cans, dairy machmery (72, 156, 157), cow udders, and milkers’ hands (87, 
204) In food processmg mdustnes these compounds, besides bemg useful m 
general environmental and machmery samtation, have found use m washing 
dirty eggs, resultmg m a reduction of the bacteria count of dned egg pulp (170, 
171) An mterestmg attempt to make fish-packmg ice bactencidal by addition 
of quaternary ammomum compounds has not, as yet, proved successful (225) 
Manj*^ medical uses have been suggested for these compounds Antisepsis of 
the skin of the patient and hands of the operator (71, 78, 152) and surgical m- 
struments (88) have been reported This antisepsis of the skm may be more 
apparent than real smce catiomc surface active compounds apphed to the hands 
hav e been shown to deposit a non-perceptible film which retains viable bacteria 
imdemeath it (152) This fihn has a low bactencidal power on the inner surface 
whereas the outer surface is strongly bactencidal Recent mterest m combattmg 
aur-bome infections is reflected m the use of quaternary ammomum compounds 
impregnated into blankets or other cotton or woolen textiles (202, 228) to impart 
an efficient bactencidal activity The possible use of quaternary ammomum 
compounds as components of aerosol bomb type bactencides has also been 
suggested (109, 230) 
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MUCIN AS A RESISTANCE-LOWERING SUBSTANCE 

L OLITZKI 

Department of Hygiene and Bacteriology, The Hebrew University, Jerusalem 

Mucin preparations of different ongins are able to lower the nunimum number 
of microorganisms of low pathogemcity that can cause a fatal infection m an 
otherwise resistant animal, when the mucm is introduced together with such 
microorganisms In this respect then action is similar to that of specific "agres- 
sms”, and some authors have designated mucm as an “aggressm-like substance” 
( 19 ) 

The importance of the search for resistance-lowermg substances hes m the 
fact that experimental work on many infectious diseases has been handicapped 
m the past by lack of susceptible small laboratory animals In certam cases, 
several milhons of microorganisms were found to be requned to produce a fatal 
abdommal infection m a laboratory animal When so massive a dose is mjected, 
a fatal outcome may be mterpreted as due merely to the action of endotoxms 
hberated m the body through dismtegration of the mjected bacteria 

A sumlar difficulty has arisen m attempts to produce experimental infections 
of the respiratory tract Thus, the white rat, although highly susceptible to 
the subcutaneous mjection of Diplococcus jmeumontae exhibited the sjonptoms 
of lobar pneumoma after mtratracheal mtroduction of this organism only when 
mucm was simultaneously admmistered (57, 58) 

Mucm and some carbohydrates, therefore, have been employed for the fol- 
lowmg purposes 

A Production of pentoneal infections and general septicemia with minimal 
quantities of endotoxm-contammg microorgamsms m order to exclude the 
mitial endotoxm effect B Production of lobar pneumoma by microorgan- 
isms m otherwise resistant arnmnls 

Mucm has found a wide apphcation m virulence tests, titrations of the pro- 
tective effect of i mmun e sera, active vaccmation experiments, and tests on the 
protective and curative effects of chemotherapeutic agents, antibiotics, and 
bactenophages Much study has been devoted to the elucidation of the nature 
of its effect, its relationship to humoral and cellular defense mechanisms, and 
its possible influence on the microorganisms themselves Its chenucal and 
physical properties have been discussed by a number of workers and attempts 
have been made to use mucm diagnostically to reveal the presence of exceedmgly 
small numbers of microorganisms (84) 

pRonuenoN op peritoneal inpections with the Am of mucin 

1 Species of microbrganisms found to be susceptible to the action of mucin It 
IS clear from the aforesaid that the effect of mucm has hitherto been studied 
mainly on organisms with low virulence for the usual laboratory nmmals At 
least several milhons of such microorganisms were required to produce fatal 
infections Smee doses of such a size contamed considerable quantities of 
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TABLE 1 


MicroSrgantsmts whote paChogemctty, xf {hey were injected intra^bdommalh 
mag enhanced by mucin and some other carbohydralet ’ 


TAIOLY 

snaxs 

EXmiUENT! 
iXFORTED Of 
TEARS 

1 

izrEuscts 

Pseudomona 

Eiiirio comma 

1M2--44 

26-28, 74 

daceae 

Pseudomonas aeruginosa 

1939 

16 

3hcrococcaceae 

Staphylococcus aureus 

1932-45 

18, 19, 61, 80, 89 

Neisscnaccae 

Nctssena calarrhahs 

1936 

73 


Nctsserta gonorrhoeas 

1933-43 

13, 35,42,48,60,80 


Neisseria intracellularis 

1933-46 

1,3,7, 11, 12,23,89, 40, 
46-63,70,71,78,80,87 

Parrobactma 

Hemophilus influenzae 

1937 

24 

ccac 

Hemophilus pertussis 

1938 

79 

Lactobactcna 

Streptococcus pyogenes 

1932-43 

61,80 

ccac 

; Dtplococcus pneumoniae 

1932-43 

1 9, 61, 80 

Entcrobactcna 

Escherichia coh 

192443 

2, 16, 41,80, 82,83 

ccac 

Klebsiella pneumoniae 

1936 

59 


Proteus vulgaris 

193^43 

16,80 


Salmonella typhimunum 

193743 

8, 80 


Ebcrthella lypkosa 

193547 

4, 6, 8, 22, 32, 33, 43-45, 
68,68,69,72,80,90 


Shigella dysentenae 

1938-47 

6,21,62,64--67,78,80,8I 


Shigella paradysentenae 

1940-16 

17, 76, 78, 80, 86 

Mycohaelena 

Mycohaclsnum tuberculosis 

1944 

63 

ceae 

Corynebaclenum diphtherias 

1945 

20 

Viruses 

Poliomyelitis 

1933, 1936 1 

56,88 


Shops fibroma, Vacoima virus 

1942 1 . 

10 


more closely resembling natural infection than the reaction which follows the 
s3tane^^ —ion of immense masses of hi^y endotoxic org^ 

1 IB shown m tobies 1 and 2, many haye 
of an mfectmg animal, as, for example, m toe 
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TABLE 2 


The Tntntmal lethal doses of different microdrgamsms inoculated into mice 
intra-abdominally along vnth mucin 


SaCEOCsOANISUS 

VTJ» by 


Qu&ntity of broth culture 

No of bacteru 



nl 



Corynehactenum diph- 

1 0 X 10-> (99/106)* 


20 

tkenae 

1 0 X 10-‘ (30/32) 



Diplococcus pneumoniae 


10» (4/8) 

80 

(R strain) 




Escherichia colt 

0 5 X 10-* (8/10 to 10/10) 


16 


1 0 X 10-« (2/3) 


80 

Eberthella typhosa 


5 X 10= (8/10) 

32 


1 0 X 10-5 (2/4) 


SO 



5 X 10= (10/10) 

8 



50 (4/10) 


Hemophilus influenzae 

0 25 X 10-‘ (3/4) 


24 

Hemophilus pertussis 

1 0 X 10-J (225/260)^ 


79 

Pseudomonas aeruginosa 

0 5 X 10-1 (4/10 to 10/10) 


16 

Proteus vulgans 

0 5 X 10-= (9/10 to 10/10) 


16 


1 0 X 10-5 (4/4) 


SO 

Staphylococcus aureus 


10 (7/12) 

18 



3-12 X 10 (7/14) 

2 5-12 X 10= (14/23) 




2-11 X 10= (32/40) 

4-6 X 10* (188/191) 



1 0 X 10-1 (7/12) 


56 


1 0 X 10-1 (3/3) 


80 

Shigella dysenteriae 




R strain 

0 5 X 10-* (1/3) 


5 

S stram 

0 5 X 10-5 (2/3) 



Shigella paradysenteriae 

0 5 X 10-5 (39/4S) 


17 

Salmonella typhimunum 


50 (10/10) 

8 

Yibno cholerae 


5 X 105 (80/100) 

74 


» The numerator shows the number of dead anunals, the denonunator, the number of 
animals used m the experiment 

*> Densitj of undiluted saline suspension 0 7, determined bj Gates turbidometer 
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the other hand, treatment with mucm lowered the fatal dose of the R form of 
D jmeumomac from more than 10» to 10* organisms (80) In other cases, such 
as, for example, Myeobacienum tvberculom, only larger local lesions were ob- 
served (54) 

As 18 shown m table 3, considerable differences exist among the susceptibihties 
of different strains of the same species towards the action of mucm These vaiy- 
mg behaviors led to extensive studies on the relationship of mucm to the virulence 
of the vanants and types (e g , R and S form of ShtgeUa dysenteme (5), and 
different types of Nctsscna tniraceUulans (7, 12, 49, 73) 


TABLE 3 


Minimal fatal dotes of different Netsseriae inoculated intra ahdomnaUy 
into mice along with muctn 


SPTCZXS AJ^ TfFZS 

HO OrtTlACtS 
TESTH) 

£XTt££5£D BT Nmcm 07 BACTXtU 

imum 

Ketescrta catarrhahs 

1 

2 X 10« 

73 

Neisseria gemorrhoeae 


5 X 10« 

13 



10‘ (3/3)* 

80 

Neisseria inlracellulans 




Typo I-III 

4 

2 X 10* (2/2) 

73 


3 

2 X 10* (2/2) 


II 

8 

2 X 10* (2/2) 


VII 

1 

2 X 10* (2/2) 


II 

i 1 

10 (1/2) 

12 



10« (2/2) 



1 

10 (2/3) 




10* (3/3) 


I-III 

8 

10*-10* 

58 


6 

10 



1 

]es8 than 10 




2 (50% mortality) 

7 

I-III and II 





d«.d —x' »' 


animals used in the c^penmont 


i I, TTifldp to employ mucm m connection with mtrapen 

Few attempte have been ma^ to ^p y ^ pohomyehtis virus 

toneal infection with vir^ tv m the mucm-treated group than m the 

in mice, observed a higher mortab^ m rere^egular In 

salme-treated group, whde the ^ the^spmal cord demonstrated in 

only one out of seven senes wm ^^e expenments of Toomey 

the fourth generation welded a 40 per cent mortality m the 

and Phelps (88) with m saime-t^^^^ 
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13 per cent mortality On the other hand, Clemmesen and Krag Andersen (10) 
obsen^ed that the spread of fibroma virus followmg mtra-abdommal moculation 
was favored by mucm Mucm also mcreases the local reaction to the mtrader- 
TTifll mjection of fibroma and vaccmia viruses, and reduces the minimal effective 
dose 

2 Differences in the effectiveness of different mucm preparations It may be 
noted that different mucins possess varymg degrees of activity Nungester 
et al (61) used a dned gastnc mucm which had been rendered innocuous to mice 
either by heatmg at 140 C for 1 hour or by exposure to 80 per cent ethyl alcohol 
for one week Commercial gastnc mucins from different sources have been 
compared (59, 66, 80) Different lots contamed peptone (59) and morgamc 
substances (66) m varymg amounts In his first experiments. Miller (48), used 
commercial hog mucm Later, a special preparation (“Granular mucm”, Wilson 
Laboratones, Chicago) was mtroduced (51, 52) and gamed wide apphcation 
Tunmchff observed no differences m activity between sahvaxy and gastnc mucm 
(89) Marked differences between two mucm preparations were, however, 
found by Ohtzki and Koch (66) The more effective commercial preparation 
contamed a large amount of ash (40 5 per cent), consistmg mamly of aliimmum 
It is possible that the varymg degrees of activity of mucins are associated with 
the presence of blood group A-substance which is able to form complexes with 
the conjugated proteins of bactena Morgan and Kmg observed that group 
A-substance denved from hog gastnc mucm acts as a resistance-lowermg factor 
(55) 

8 The influence of the method of preparation of the mucin suspension on its 
effectiveness Fothergill el al (24) m experiments with H influenzae found dif- 
ferences m effectiveness between different mucm suspensions prepared accordmg 
to the methods of Nungester or of Miller Accordmg to Nungester ’s method 
(59) the solutions are brought to a viscositj'^ of 10, whereas accordmg to IMdler’s 
method (48, 51, 52) a constant concentration (5 per cent) is mamtamed mde- 
pendently of the viscosity of the preparation McLeod (46) exammed different 
mucm solutions prepared from an identical source Four types of solution were 
prepared 6 per cent “clear mucm” with a viscositj^ of 2 (prepared accordmg to 
the ongmal method of hliUer (48) by stenhzmg at pH 7 3), and three solutions 
of “whole mucm” (autoclaied at acid pH accordmg to MiUer’s (51, 52) later 
procedure) For concentrations of 1, 4 5, and 10 per cent of “whole mucm” 
(showmg viscosities 1, 2, and 10, respectively), minimal fatal doses with 10^, 10~® 
and 10~® ml broth culture of N intracellulans were obsen’^ed In a comparison 
of 4 5 per cent “whole mucm” and 6 per cent “clear mucm” suspensions, both of 
nscosity 2, the average fatal dose with the “whole mucm” was found to be 10'° 
ml of broth culture, whereas ten times this dose was required to produce infection 
when “clear mucm” was emploj’-ed 

'f The rcsistancc-lowenng action of different carbohydrates compared unth that of 
mucm In studies parallel to those on the vanous mucm preparations, carbo- 
hj drates of different ongms and of i arymg degrees of actinty v ere tested for 
the same purpose IMam observations have been made of their physical and 
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TABLE 4 

Carbohydrates of differerU origin used as resistance lowering sidistances 
in intra-abdominal infections of experimental animoJs 


EDBSTAMX5 EXAUISED 


IdTECnVE 

C0>9CENXKAT1DN 


lOGROOzOAinSlU TtSTXD 


Animal producla 
Glycogen 

Blood group A antigen 
(from mucin) 

Plant products 
Agar 


Gum acacia 


Gum tragacanth 
Mnnnan (carob) 


6 0-10 0 Bberthella typhosa 


0 3-10 0 


2 0-10 0 


16-2 6 


Cellulose (cotton) 5 0 

Bacterial products 

Lovan (Aerobaclcr leeant 0 3-2 U 

Levan (Bacillus subitlis) 1 d-2 0 

Doxtran (Leueonosloc mes 10-2 0 

en(crotdcs) 

Cellulose 2 0 

ntim) 


Carbohydrates of 

Corynebacienum dtph- 

ihenae 

Eschcnchia colt 
Ebcrlhclla 

Salmonella cntentidis 
Klebsiella capsulata 


0 2-2 0 
0 1-2 0 
0 2-2 0 
0 3-2 0 


Netssena inlraceUnlaris 
Eberlhella typhosa 

Neisseria tniracellulans 
Eberthella typhosa 
Dtplococcus pneumoniae 

Neisseria tniracellulans 
Escherichia colt 

Eberlhella typhosa 


6 0-10 0 Eberthella typhosa 


5 0 Eberlhella typhosa 

0 3-2 0 Eberthella typhosa 

1 0-2 0 Eberlhella typhosa 

1 0-2 0 Eberthella typhosa 


Eberthella typhosa 


Netssena tniracellularts 

EbertheUa typhosa 
Eberthella typhosa 
Eberthella typhosa 
Eberthella typhosa 


46 

2,82,83 


cbemical Proper^ 

.ecordmg to source, shows that higher 

Table 4, wbicb lists these suu 
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concentrations of carboliydrates of plant or animal ongin are generally required 
to lower resistance than of bactenal carbohydrates The only known exception, 
agar, lowers the resistance of mice to Eberlhella iyphosa even when employed m a 
0 3 per cent concentration (66) 

In this respect the range of effectiveness of mucm is similar to that of bactenal 
carbohydrates One-tenth to 1 0 per cent concentrations of a certam mucm 
preparation were sufficient to lower the minimal lethal dose of E typhosa (64), 
and no animal or plant product has yet been found to equal mucm or bactenal 
polysacchandes m this resistance-lowermg effect Among the plant products 
starch and dextrm denved from it, galactomannan, pentosan, and pectm were 
found to be mactive m 10 per cent concentrations Mono-, di- and tnsacchandes 
were found to be meffective (68) 

5 Combined administration of mucin together with other substances Nungester 
ei al (61) attempted to augment the effect of mucm by means of the previous m- 
]ection of India ink, m order to block the fixed phagocytic cells The procedure 
failed to mcrease the pathogemcity of staphylococci or streptococci m mice 

MiUer and Castles (52), and McLeod (46) observed a prolonged persistence of 
“granular matenal” m the abdommal cavity of mice moculated with mucm 
Whole mucm which contamed fine white granules was more effective than gran- 
ule-free clear mucm of the same relative viscosity Ohtzki and Koch (66) found 
that a mucm preparation with a high content of insoluble granules is more effec- 
tive than a preparation consistmg of a homogeneous, opaque solution Smce 
the more effective, granular preparation contamed much more morgamc matenal, 
notably alummum, the effect of absorbents which per se exhibit only shght patho- 
genizmg actmt}'- was next studied It was shown that the pathogenizmg ac- 
tmty of an agar gel and of clear mucm on Shigdla dysentenae and Escherichia 
coll can be enhanced by the mclusion of talc, fuller’s earth, nont A, or kaohn m 
the mixture Similar results were obtamed m work on levan, mucm, gelatm, and 
certam mactive carbohydrate fractions of mucm (64, 66) Experiments with 
E typhosa (68) showed that kaohn exerts a marked effect on the resistance-lower- 
mg activity of some carbohydrates (cellulose preparations, gum acacia, glycogen, 
mannan, mulm) The mixing of two viscous substances sometimes produced 
an augmentation of the activity of the more active constituent Accordmg to 
McLeod (46) the lethal dose of a memngococcus culture (defined as the dose 
which caused the death of 7 out of 10 nuce) varied as follows 10~* ml m 1 5 per 
cent gum tragacanth (viscosity 10) , 10~’ ml m 1 per cent whole mucm (viscosity 
1) , and 10~^ ml m a mixture of 1 per cent whole mucm and 1 5 per cent gum 
tragacanth (viscosity 10) 

6 Properties of mucin compared with those of other carbohydrates employed in 
intrapentoneal infections Viscosity Attention was first drawn to viscosity as 
an important propertj’- of mucm Many authors have supposed that high 
iTSCositj' is an essential characteristic of a resistance-lowermg substance Never- 
theless, even the early experiments failed to lend consistent support to this view 
Nungester ct al (59) foimd that gum acacia and mucm solutions of relative 
iTscosity 10 are more effective as resistance-lowermg substances than are solu- 
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tragacimth that pathogenizmg activity and viscosity are not correlated 

Ohtzki cl al (68) wmpared pathogenimg activity and viscosity in a senes 
of carbohydrates The highly viscous group (viscosity 10 or more) compnsed 
agar, dextran, and galactomannan Of this group only agar and dextran showed 
pathogenizing activity The group of substances with a relative viscosity of 
about 2 included glycogen (10 per cent) and levan (2 per cent) The former 
was almost devoid of pathogenizmg activity, whereas the latter was highly effec- 
tive The group of mactive polysacchandes mcluded several substances of high 
viscosity (galactomannan, mannan, starch) It is clear, therefore, that viscositj 
is not an absolute detenmnant of resistence-Jowenng activity, and that rt does 
not, per sc, confer this activity on an mjected substance 
Chemical consltiulion Consideration has been given to the question whether 
the pathogenizmg activity of mucm preparations is due to protem or carbohy- 
drate Anderson and Oag (1) found that a protem fraction of mucm is highly 
active and that the carbohydrate fraction is mactive In view of the known 
activity of agar and diphtheria polysacchandes, this findmg was somewhat 
surprising, but was m keepmg with negative results which had been obtamed 
with some other polysacchandes such as starch, muhn, and dextrm On the 
other hand, Moigan and King (55) observed liat the polysacchande ammo acid 
complex isolated from hog gastne mucm acted as a resistance-lowenng substance 
Olitzki d al (68) re-exammed this question m tests mvolvmg a larger senes of 
polysacchandes It was found that pure polysacchandes are able to lower the 
resistance The monosacchande from which the polysacchande is built up is 
not, m itself, the pathogenizmg agent Different polysacchandes bmit from the 
same sugar ahowed markedly different pathogenmng activities The findmgs 
were consistent with the new that the sugar unit of which a polysacchande is 
composed does not play an essential r61e m detennmmg whether the mten^ is 
an active one The resistance-lowering carbohydrates mcluded both a and^ 
linkage types, furanoside as well as pyranosidic units, and mt^^dic 
linkages of the 14 (cellulose, glycogen), 1-6 (d^ran), 2-1 (mulm), and 
(levan) types It was suggested, therefore, that Ihe resistance-lowe^gactnaty 

of a polysacchande is a function of patterns which am ^ ^ 
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hydrate fraction uere able to lower the resistance of mice (66) Similar results 
were obtained m recent experiments with different fractions denved from the 
somatic antigen of S dysenienae The undegraded carbohydrate as well as the 
conjugated protem were found to be able to lower the resistance of mice to S 
dysentenae and E typhosa (64) It is obvious that the host animal may be able 
to decompose and eliminate certam polysacchandes more readily than others 
The resistant types of molecules may therefore have a more extended influence 
This consideration led to experiments which are summarized m the followmg 
psiragraph 

Rapidity of absorption of mucin from the abdominal camty Many authors 
have reported experiments de alin g with the dependence of the resistance-lowenng 
effect on the lapse of time between the mjection of the mucm and the moculation 
of the bactena Nungester et al (59) found 10 per cent mucm lowered resistance 
12 hours after mjection, and was still shghtly active even 16 hours after mjection 
Accordmg to Miller and Castles (52) the pathogemzmg abflity of a 5 per cent 
mucm suspension decreases withm three to five hours after its mjection Mc- 
Leod (46) concluded that the effectiveness of different preparations of mucm is 
mversely proportional to the rapidity with which they are absorbed and removed 
from the abdominal cavity Ohtzki and Koch (66) found a highly active mucm 
still effective six hours after the mjection, whereas another mucm preparation 
of low activity was inactive one hour after its moculation Agar was inactive 
after two hours, but administered together with kaohn its activity lasted for 
seven hours It was concluded that the addition of an adsorbent (like kaohn) 
retards the absorption of the agar from the abdommal cavity These obsenm- 
tions were confirmed by the experiments described m the followmg paragraph 

7 Quantitative studies on mucin employed for intrapentoneal infections Effect 
of concentration of mucin in the inoculum Nungester et al (59) compared the 
effects of varymg concentrations of mucm suspensions The relationship be- 
tween the concentration and the pathogemzmg effect was not Imear A 20 per 
cent autoclaved suspension, for instance, had the same effect as a 4 per cent 
alcohol-stenhzed suspension of the same viscosity McLeod (46) found that the 
concentration of the mucm suspension influences the response In 1, 4 5, and 
10 per cent mucm, the mnmnnl lethal dose of a memngococcus culture was 10~®, 
10~® and 10~® ml, respectively It could be expected that the effect of the more 
highly concentrated mucm would persist for a longer tune When the bactena 
were moculated 12 hours after the mucm mjection, the fatal dose was 10“^ ml 
m the a nim a l s which had received 4 5 per cent mucm and 10“® ml m those which 
had received 10 per cent mucm 

The volume of inoculum It is dear that m low concentration mucm is re- 
sorbed more slowly than m high concentration The effect is more marked if the 
volume of the administered solution is mcreased without paraUd change m the 
concentration Nungester et al (59) found for a mucm solution of inscosity 10 
that the m inim al effective dose m mice is 0 2 ml In rats the lowest effective 
dose IS about 2 0 ml, or 10 times that m the mouse The results show that mucm 
after moculation may sometimes be diluted by the formed exudate to a pomt at 
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8 Mechan^m of adion of mucin tn tniraperUoneal infections Chanae m 
mnlence of hactma induced by growing them tn vitro m the presence of muan 
ungester ct al (59) concluded from expenmente wrtb streptococci Ld with 
Baallus anlhracis^nt cultivation of bacteria m the presence of mucm in mbo 
0 ^ not appreciably mcrease their virulence Attempts by Rake (72) and by 
indbierg-Hai^n (80) to enhance the virulence of B iyphosa, B colt and N 
tnlracellulans by cultivation m the presence of mucm were not successful 
Change in virulence of baclena tn vivo tn the presence of mucm Nungester ei al 
(59) concluded from experiments with B anihracts that mucm is a pathogemzing 
substance because it helps bactena to survive m the animal body, and that, m 
addition, it increases the virulence of the sumvmg bactena Miller and Castles 
(52) working with menmgococci and Smdbjerg-Hansen (80) workmg wili 
menmgococci and E colt amved at opposite results Organisms recovered from 
exudate or blood of moribund mice proved no more virulent than cultures grown 
on artificial medium Fothergill et ol (24) observed that after 10 passages 
through mice together with mucm, the sbihty of H influenzae to kill mice m Ae 
absence of mucm was not mcreased Observations with other microSrganisms 
were not made 

Mucm as a culture medium Miller and Castles (52) ongmally thought that 
mucm exerts its effect by semng as a culture medium m the body of the mouse 
This explanation seemed reasonable at the tmie, m view of the finding that 
menmgococci were able to grow tn mtro m the particular batch of mucm then 
employed It was subsequently observed, however, that other muems bad 
different effects m this respect, the preparation which was most effective m pro- 
moting mfection entirely faded to support growth tn vitro (62) Keefer and 
Spink (35) earned out experiments with gonococci and Smdbjerg-Hansen (80) 
with menmgococci moculated mto mucm or muem-broth mixtures Their ex 
penments showed that mucm, alone, is a poor culture medium for contmuous 
growth of neissenae Attempts by McLeod (46) to mamtam contmuous growth 
of menmgococci m either mucm or m pentoneal fluid alone were unsuccessful 
But when one part of pentoneal fluid was added to two parts of mucm, growth 
occurred with small moculs of memngococci, and subculture from this 
was obtamed McLeod, therefore, concluded that mucm which is ennehed by 
neritoneal fluid is an excellent medium for memngococci 
IM 0l mm In an-Iy enpemnente ™th mnem 
that munm nlooe does not Ml men d m, noted mto “n 
result has often been confirmed smee tests of the pathogenicity of ^ 

Ive frequently been parafleled by -trol ^ on 
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to 2 per cent levan solutions obtained from Aerobader levamcum and 5 to 10 per 
cent mucm solutions 

Anlicomplemeniary adion Keefer and Spmk (35) observed no anticomple- 
mentary action when they added 0 5 ml of defibnnated human blood to 0 1 ml 
of a 5 per cent suspension of mucm Olitzki found that kaohn, which enhances 
the action of various resistance-lowermg substances, strongly absorbs all four 
components of complement (middle and end piece, third and fourth component) 
Low concentrations of this absorbent, (0 1 to 0 5 per cent added to gumea-pig 
complement diluted 1 20) reduced the complement titer (63) In recent experi- 
ments with complement diluted 1 20, it was demonstrated that mucm and agar 
lower the titer of the complement and that this action is enhanced by small 
quantities of kaolm (64) The-(j^stion is comphcated by the fact that the 
arnmnl usually employed m experiments with mucm is the mouse As has been 
reported by many authors (34), mouse blood does not contam the whole hemo- 
lytic complement The end piece is not present but can be added m the form of 
gumea-pig end piece In my own experiments neither the blood nor the peri- 
toneal flmd of the mouse could be used as hemolytic complement, and it seems, 
therefore, that bactenolysis m the pentoneal flmd of this animal takes place by a 
mechamsm which does not require the whole complement (64) 

Acquisition of a protedtve covering Tunmchff (89) failed to demonstrate an 
artificial capsule when staphylococci and streptococci suspended m mucm were 
dried and stained by means of capsular stains When pneumococci and lacto- 
bacilh were mixed with gastric mucm it was found that the organisms failed to 
take up vital stain In experiments tn mvo, it was demonstrated that only 
stamed cocci which are devoid of mucm coatmg are taken up by polymorphonu- 
clear leucocytes A coatmg effect was recently demonstrated by agglutmation 
m Shiga antiserum of typhoid bacteria havmg the undegraded polysaccharide of 
S dysentenae adsorbed on their surface (64) It seems that this coatmg effect 
of mucm and other carbohydrates together with their abihty to persist for a 
sufficient time m the abdominal cavity are the chief factors detennmmg the 
other activities descnbed below, such as the abihty to prevent phagoc 3 diosis, 
mtracellular digestion, and antibody-uptake 

Inhibition of phagocytosis by mobile phagocytic ceUs Nungester et al (59) 
observed the presence of numerous mmute particles m mucm They observed 
no decrease of phagocytosis when they sought to ascertam whether these particles 
block the phagocytic cell in vitro Miller and Castles (52) reported that micro- 
scopic axammation of pentoneal exudates revealed degenerative changes m many 
of the cells and the mgestion of insoluble particles of mucm especially by poly- 
morphonuclears Some of the cells seemed to have been disabled by the mucm, 
but the mfected exudate stiU contamed numerous healthy lookmg polymor- 
phonuclears In the pentoneal exudates of mice protected by immune serum, 
the cells had a similar appearance, except that more of them contamed memngo- 
cocci The effect on the mobile phagocytes must, therefore, represent only a 
part of the action of mucm AIcLeod (47) faded to find evidence that clear 
mucm mterferes with the mgestion of menmgococci by phagocytic cells On 
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This view 13 supported by the observation that mucm is unable to exert an 
influence when leucocytosis is already present (19, 62, 62, 82) Ercoh et al (19) 
injected staphylococci together with mucm after local leucocytosis had been 
induced with aleuronat In the presence of the leucocytes the destruction of the 
stopbylococci was rapid It was concluded that mucm does not interfere with 
the action of leucocytes when they are already present m pentoneal flmd Stern- 
berg found that the peritoneum of dogs protected if “hyperleucooytic pre-im 
munity" was produced (82) 

Miller and Castles (62) showed that mucm administered mtra-abdonunally 
increases the resistance of the animal to menmgococci mjected 24 to 29 hours 
later This result was ascribed to a local stimulation of the defense mechanism, 
and no evidence of humoral immumty was found Oerakov (62) m his expen 
ments with S dysentmae obtamed similar results Tunnichff (89) reported 
that when staphylococci are mjected with mucm it is possible to demonstrate 
the presence of mucm-coated nonstamed cocci as late as three hours after the 
injection Only the atamed cocci which are noncoated with mucm, are taken up 
by the polymorphonuclears 

This observation is important because some authors have asenbed the lowered 
phagoc}^^ activity to a blockade effect produced by the granular material m 
mucm, while others have considered that mucm damages phagocytes directly 
In Tuniuchff’s work, however, the lowered phagocytic activity is asenbed not to 
an effect on the cells, but to s chrect coatmg action on the bactena 
The other mechanisms mvolved are of mmor importance The blockadmg 
of the white cells by granules plays a r61e only when granules are associated 
with mucm (47, 52), and when granular particles were employed alone (61, 60) 
their action was not equal to the mucm effect Purtheimore, damage to m 
dividual ceUs by mucm (62, 66) seems to be of minor importance The increase 
m resistance which has been observed m the presence of leucocytosis by mm 
authors (19, 52, 62, 82) proves that if the number of the phago^ is ^ 
enough the damage asenbed to mucm becomes r^atavely ‘ 

inadequate to break down the high resistance which is conferred by hyper 
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cause they were not destroyed bj' the leucocytes which normally would have 
appeared m large numbers Similar results were obtamed with heated staphy- 
lococci, memngococci and C diphlhenae Other observers (66) noted the adsorp- 
tion of free phagocjtes to kaohn-agar or kaohn-mucm clots m the pentoneal 
flmd after the mjection of kaohn-agar or kaolm-mucm The number of free 
poljTnorphonuclears decreased rapidly after the mjection of these substances 
Fragments of the cells were obser\'ed rmcroscopically m the kaohn-agar clots 
Decrease m the number of leucocytes m the abdommal cavity was also ob- 
sers'ed by Sternberg (82) m dogs moculated with E colt suspended m gum 
tragacanth kliUer and Castles (52) found that cellular elements did not begin 
to accumulate m the abdommal cavity until three hours after the moculation of 
memngococci suspended m mucm or sterile mucm, and did not become abundant 
until the mnth hour At first the cells consisted chiefly of sTTiall round cells, 
but the proportion of polymorphonuclears rose dunng the second three-hour 
penod and reached 66 to 74 per cent Oerskov (62) reported that the mcreased 
migration of phagocytes mto the pentoneum m the first hours after moculation 
of S dysentenae is hmdered if the orgamsm is admimstered together with mucm. 
Smdb] erg- Hau s en found the migration of poljmuclear leucocsdes mto the ab- 
dommal cavity to be regularly retarded by mucm (80) 

In summary it may be stated that the number of the phagocytes m the ab- 
dommal cavity decreases durmg the first hours after the mtra-abdommal ad- 
ministration of mucm, but later mcreases, the delayed mcrease bemg associated 
with an mcreased resistance of the animal to mtrapentoneal infection The 
question arises whether this mechanism operates m the cases of all species of 
microorgamsms whose pathogemcity is affected by mucm, smce the rapid des- 
truction of certam species of microorgamsms m the abdommal cavity (24, 66) 
IS due mamly to the bactericidal action of pentoneal fluid 
InMbiiton of activity of fixed tissue phagocytes and increased permeability of the 
barrier between the abdominal cavity and the blood stream kliUer and Castles (52) 
earned out experiments to ascertam whether fixed tissue phagocytes, which 
constitute part of the bamer between the pentoneal cavity and the vascular 
system, are injured by mucm with a resultmg mcrease m the permeabihty of the 
bamer to orga nism s Mice with recently mjected mucm m the pentoneal 
cavity succumbed to mtravenous mjections of smaller numbers of memngococci 
m mucm than did mice which had not received mucm mtrapentoneaUy Exam- 
ination of the pentoneal cavity showed that it becomes infected soon after the 
mtroduction of the cocci mto the circulation This fact, together with the ob- 
servation that the memngococci which are mjected with mucm mto the ab- 
dommal cavity soon mvade the blood stream suggests that mucm renders the 
bamer between the pentoneal cavity and the vascular sj’^stem permeable to the 
mvadmg org anism s m both directions A similar observation was made b 3 ' 
Bemans (2) m rabbits with E coli given mtravenously 
Almost all authors have emphasized the rapidity with which microorganisms 
appear m the blood stream after their mtrapentoneal moculation together with 
mucm This has been confirmed for many bactena such as N intraceUulans 
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to Buppo^ that the local focus pours a steady stream of invading bactena into 

the blood Similar observations were made by McLeod (47) When large 
quantities of menmgococci (culture diluted Khi) suspended m Rmger’s solution 
were given, organisms appeared in the blood stream 0 to 20 mmntes after the 
injection The numbers soon fell, however, and after six to seven hours the 
blood was sterile When a smaller quantity of menmgococci (dflution 10~’) 
was administered suspended m mucm, the organisms appeared m the blood im 
mediately after the moculation The number then fell r&pidly diinng the first 
hour, but began to mcrease after 2 5 hours The progressive mcrease continued 
and persisted until death occurred 

From these and similar experiments it may be concluded that the appearance 
of bactena m the blood stream cannot be attributed to augmentation of the 
permeability of the abdommal cavity by mucm Recent experiments by Ohtzfa 
(64) with a senes of mucm preparations and bactenal carbohydrates revealed 
no spreading activity It can easily be demonstrated that early mvasion of the 
blood stream takes place even m the absence of mucm, but tends m this case 
towards progressive sterilization In the presence of mucm, however, the rapid 
progress of the abdommal infection steadily pours new mvaders mto the vascular 
system After local multiplication of the mucm-coated bactena m the abdominal 
cavity has started, the reappearance of the bactena m the blood stream repre- 
sents the beg innin g of a fatal bacteremia The importance of the second m 
vasion of the blood stream has been demonstrated directly with gonococci (13) 
and with E colt (80) When the mfected mucm emulsion was washed out of 
the peritoneal canty of mice with a sterile salt solution two and four hours alter 
mjection, the animals recovered although they already had bactena m the blod 
stream at the time of this operation Removal of the abdommal f^ of the 
infection evidently prevented the renewal of the mvasion, and the body was thus 
enabled to overcome the mcipient septicemia 

Inhibtlwn of tntravhagocytic dtgesUon Nungester ct al (59) report^ 
nlthouch mucm does not mterfere with phagocytosiB, it prevents the tn m ro 
destruction of the bactena m the phagocytic ^stem 
this subject ivith heat-lolled menmgococci In mice receivmg the 
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her of mtracellular organisms m the mucm-treated group exceeded the number 
seen m the control group, while the extracellular organisms disappeared at the 
same rate m both groups of mice It was concluded that the degree of phagocy- 
tosis is the same whether the vehicle of the moculum is Rmger’s solution or 
mucm It IS only the mtraceUular digestion of organisms which is inhibited 
by the presence of mucm 

Inhibition of antibody absorption by microorganisms A theory which suggests 
that mucm acts as a kmd of hapten m hmdenng the absorption of antibody to 
the mfectmg microorganism has been mvestigated by Miller and Castles (52) 
They found that anti-mucm serum fails to protect mice agamst infection with 
menmgococci, and that mucm mjected subcutaneously fails to immunize agamst 
infection They were unable to detect an antigenic relationship between mucm 
and menmgococci Similar observations were made by Smdbjerg-Hansen m 
experiments with S paradysentenae, B colt and N intracellularis (80) On the 
other hand, Keefer and Spmk (35) found that mucm depresses the bacteriolytic 
effect of blood on gonococci, the strength of the depressant effect bemg dependent 
on the amount of antibody present These mvestigators suggested that mucm 
mterferes with the sensitization of the microbrgamsm by antibodj’’ hlcLeod 
(47) found that mucm lowers the bactencidal effect of fresh mouse serum on 
menmgococci, and Smdbjerg-Hansen found that m normal human serum it has a 
similar mfluence on B coli, S dysentenae and N intracellularis (80) Oerskov 
(62) also concluded on the basis of his experiments with S dysentenae that mucm 
impedes the normal, extracellular, bactericidal effect of pentoneal flmd, m addi- 
tion to its influence on phagocytosis 

Ohtzki et at (69) studied the inhibitmg effect of mucm and other carbohydrates 
on the agglutmation of B typhosa m anti-0 serum Pronounced reduction of 
the agglutmation titer was observed m the presence of mucm, dextran, levan, 
and pectin In the presence of these substances the uptake of antibody mtrogen 
by the bactena was completely inhi bit^ But it was impossible to detect a 
visible precipitm reaction between these substances and the anti-typhoid serum 
The question whether mucm acts as a hapten which combmes with the antibody, 
or by means of a coatmg effect on bactena, thus blockmg the specific receptors 
on the surface of the rmcroorganism, could defimtely be elucidated (64) It was 
easily demonstrated that the pathogemcitj’’ of B typhosa for mice was enhanced 
not only by its homologous polysacchande, but to nearly the same extent also by 
certam mucm preparations and polysacchandes from other microorganisms such 
as Shigella dysentenae, Proteus vulgans, Klebsiella capsulata, Eschenchia call and 
Salmonella ententidis without regard to their antigemc relationship with the 
polj’^sacchande of B typhosa (64) Furthermore, it was possible by agglutma- 
tion tests to demonstrate the coatmg of the typhoid stram 09ol by the imde- 
graded polj^sacchande of S dysentenae 

9 The mucm technic in expenments on active and passive immunization Many 
authors have emplo 3 ^ed the mucm techmc m experimental studies on active and 
passive i mm u ni zation When these expenments were earned out with bactenal 
sptcies which do not produce exotoxms and do not contam labile antigens m 
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In the of Sh^elia dyarntmae, the results of tie umnunmtmn expenments 
were smetmes ob^red by the presence of the neurotom m addSTto the 

mmumzation expenments, somatic antigen (6), 
vnccmes (78), m as toxoids (21, 65) were employed In passive unmunJ- 
tion exp^ents, the mucm technic proved to be useful m comparative studies 
of the ^ecte of antibacterial and antitoxic sera (67, 81) The expenments 
d^onstrated tlm different effects of both types of antisera on the course of the 
infection (67), the high effectivity of antibacterial sera agamst feebly toxigemc 
S strams, and the high efiPectrvity of antitoxic sera against toxic R strains (81) 
The mucin technic was mtroduced in immunological studies on EberiheHa typhosa 
by Rake (72) Later, the method was used for active (4, 33) as well as passive 
(6, 32, 33, 90) immunisation studies 


The results showed clearly that iiiere infection is produced by amHll mocula 
administered with mucm no difference between 0 and Vi antigen is revealed 
As has been shown by Boivin (6), the effect does not depend on tie production 
of Vi or 0 antibodies in the serum of the mouse In view of the posmbihfy thus 
created of testing the protective action of a raceme independently of antibody 
production, expenments measunng the potency of different typhoid vaccines 
were undertaken Luippold (46) defined an immunogenic unit (TIU) as that 
amount which affords protection to ail of four mice (16 to 18 g) of a specified 
breed, which are inoculated m a twice repeated test with 10* virulent organisms 
of a stram of ^ iyphosa having a minimal fatal dose of 50 to ^ oTgamsms in 05 
ml of 5 per cent mucm Among other problems studied with the aid of the mucm 
technic, the following deserve mention tie production of cross immunity be- 
tween members of the typhoid-paratTphoid group, and the mimmological rela- 


tionship between the V forms of E typhosa and S balkrup (43, 44) 

The study of the therapeutic effect of antisera on meningococcal infection with 
the aid of the mucm technic was b^un m 1936 (71) Several modifications of 
the technic were introduced (71, 73, 62), and with the help of these techiura 
different problems m serum production have been exammed, eg, the posable 
existence of a relationship between the virulence of a st^ and pro^ire 
activity of Its antiserum (11), whether antiserum should be produced l^im- 
muniration with bactenal filtrates rather thm by 
bactena (39), whether monovalent antaserum has a hi^er 
polyvalent antiserum (40), and whether an optimum balance 
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between the type-specific precipitms (12, 70), agglutinins (23), and mouse pro- 
tection A mouse protection umt for the stardardization of anti-memngococcus 
serum has been proposed (7) 

10 The use of the mucin technic in experimental work vnth chemotherapeutic 
agents, antibiotics, and bacteriophages Many authors have employed the mucm 
method m eiqienmental therapeutic studies Table 5 presents a brief summary 
of such studies m which positive results were observed 

TABLE 5 


Studies on chemotherapeuttc agents, antibiotics, and bacteriophages in 
intra-abdominal infections iciih the aid of mucin 



THESAPEUnC AGENTS 

EEIE5ENCE 


Corynebacterium diphthenae 

sulfadiazme, pemcillm 

20 


Bulfa-pyndme, -thiazole, -methyltluazole 

80 

Eberthella tgphosa 

sulfanilaimde 

8 


bactenophages 

22 

Escherichia colt 

Bulfamlamide 

16 


Bulfa-thiazole, -diazme 

41,80 


sulfa-methyl thiazole, -pyndme 

80 

Neisseria intracellulans 

Sulfamlamide, sulfapyndme 

3, 23 


Eulfa-thiazole, -methylthiazole 

80 


pemcillm, streptomycin 

49, 60, 53 

Neissena gonorrhoeas 

diamidinodiphenylsulfon derivatives 

42 

1 

sulfanilamide 

13 


pemcillm, streptomycin 

50 

Proteus vulgaris 

sulfamlamide 

16 


Bulfa-pyndme, -thiazole, -methylthiazole 

80 

Pseudomonas aeruginosa 

sulfamlamide 

16 

Shigella paradysentenae 

sulfamlamide, sulfa-thiazole, -pyndme, 
-methylthiazole 

17,80 

Vibno choleras 

sulfa-thiazole, -pyndme, succmyl-sulfa- 
thi azole 

27 


Thomas and Dmgle (87) used type I of N intracellulans to study the antagon- 
istic effect of para-ammobenzoic acid against sulfadiazme in vivo One ml of a 
given number of cocci (100,000 to 100) m 3 per cent mucm was moculated mtra- 
abdominally mto mice Thirty minutes later 0 005 to 0 0005 mg of sulfadiazme 
was a dminis tered m the same way If para-ammobenzoic acid was given m 
eight subcutaneous mjections of 0 5 mg each, at mtervals of three hours, the 
protective action of sulfadiazme was lowered by the para-ammobenzoic acid 
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The Produclwn of Lobar Pneumonia vnth the Aid of Mmn 

the production of pneumonia was studied m dogs by Robertson d d 
fbr 58 ' Ind htV7"“ T ^mges^T and 

hour after unnlflnf f Nungester (31) Robertson ei al obseired that one 

HtiU he prmcipaUy within air sacs enveloped 
by starch, but are alre^y beginning to migrate from the ongmal focus AnS 

p^g of edema fluid into the air spaces is one of the earliest reactions of the 
body of the growth of pneumococci m the lungs Gunn and Nungester (31) 
allowed that edema fluid cames the pneumococci through the smaller air pas- 
sages and pores of Cohn The organisms propagate rapidly m this flmd so long 
as it remains poor m leucocytes Leucocytic mSltrates appear only during a 
second stage of the infection Before infiltration occurs, mucm may affect the 
activity of the normal elimmatoiy mechanism which keeps the respiratoiy tract 
practically stenle 

Quantitative experiments, as presented m table 6, show that the resiatance- 
lowermg effect depends mainly on the total volume of the mixture of mucm or 
starch and pneumococci It is clear that with mcreasing volumes of the infec- 
tive mixture greater parts of the lunp are occluded and more lobes are mvolved 
in the mfiammatory process Such experimental infections haie been produced 
by many authors m order to study the therapeutic effect of serum and chemo- 
therapeutic agents on the course of experimental pneumonia 

Nungester and Kempf (60) observed that immune serum decreases the mor 
tality rate and the mcidence of pleun^r m rat lobar pneumonia produced by the 
mucm techmc, but does not, by any means, suppress the latter Contemng 
these expenments, Eempf and Nungester (36) showed that serum reduces the 
number of pneumococci m the blood but not the number in the lunp When 
the adnunistration of serum was delayed, mvasion of the blood stream by cocci 
emanatmg from the focus of the infection occurred Experiments on rabbit 
hemolytic serum showed that antiserum does not penetrate mto alveoh to any 
demonstrable extent Much more antiserum was required to neutrahze the 
specific polysaccharides m the alveoh than the amount which had actually pene 

trated to that site ^ x j i. 

Comparative studies on the effects of serum treatment and 
G'i 2q 30 37 92-04) with the aid of the mucm techmc showed that m type i 

tion of serum treatment and chemotherapy (provided that combmed J 

tertS Z^^ly after the infection) is more effe^ive than 
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fails to reduce mortality below the rate observed when sulfapsTidme alone is 
given 

In addition to its use m pneumococcal infections, mucm has also been em- 
ployed m the establishment of virus infections of the lungs Wheeler and 
Nungester (91) reported that with the aid of mucm they succeeded m producmg 

TABLE 6 


Effect of mucin and starch on expenmenlal respiratory infections by Diplococcus pneumoniae 


TYPE 

jjmiXL 

PATSOOENttmO SUBSTAlfCZ EMPLOYED 

QUANTITY OP CULTUEE 

inoculated 

irOETALTTT 

EEPEEENCE 




ml 



I 

dog 

Starch mixture (1 ml) 

0 01-0 03 

5/60* 

77 




0 04-0 1 

16/38 



1 

1 

0 25-0 6 

15/25 





1 0 

3/6 



dog 

Starch mixture (6 ml) 

0 001 

1/6 

77 



1 

0 01-0 02 

28/43 





0 05-0 1 

6/8 





0 2-03 

8/11 





0 6 

12/15 



dog 

Mucm (2 ml) 

0 25-0 5 

6/8 

77 




1 0 

24/29 





3 0 

10/10 





5 0 

10/10 



dog 

Starch (1 ml) 

0 02 

16/32 

25 

I 

rat 

Mucin 

0 1 X io-> 

13/14 

29 




0 1 X 10-* 

24/24 





0 1 X 10-* 

11/11 


11 

rat 

Mucin 

0 2 X 10-> 

15/15 

15 

in 

rat 

Mucin 

0 07 X 10-> 

12/14 

14 




0 1 X io-» 

14/14 



rat 

Mucm 

0 1 X io-« 

22/23 

38 




0 6 X 10-* 

43/49 



The numerator ehows the number of dead animals, the denominator shows the number 
of ammals used in the experiment 


influenza pneumoma m hamsters If the virus, alone, suspended m sahne, was 
moculated mtratracheally only 9 per cent of the hamsters showed gross lesions 
of the lungs, whereas if the virus was suspended m mucm 71 per cent developed 
such lesions Howei er, mucm itself was not innocuous, smce 25 per cent of the 
ammals receixang mucm alone also developed gross lesions of the lungs 
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phagocytic digestion (47, 59), the inhibition of antibody uptake (35 69) and 
b ctencidal action (24 35, 47. 62, 66. 80) The other "obLal^it 
Th, are r^dom and do not reveal the essential mechanism of then action 
Thus lethal effects were seldom observed (68), anticomplementaiy action is 
cxert^mainly by granular substances (63, 64), inhibition of the appearance of 
Jeueoc^ in the abdominal cavity (19, 62, 66, 67, 80, 82) is limited to the 6rst 
hour after the mjection of mucm and cannot be of overwhelmmg importance m 
infections by microorganisms which are ehmmated mamly as a result of the 
extracellular bactericidal action of the peritoneal flmd (24, 62, 66, 80) The 
observations which led to the concluaon that the administration of mucm leads 
to an mcreased penneabihty of the barrier between the abdonunal cavity and 
the blood stream (2, 52) can easily be explamed by the coatmg effect of mucm on 
bacteria which, when mjected mto the blood stream, reached the abdominal 
cavity Antigemc properties of mucm which enable it to act as a hapten and to 
neutralize the antibacterial antibodies were not revealed (52), and it has been 
shown that the degree of serologioal relationship of the mucm or of other carbo- 
hydrates to the infectmg organism does not determme the degree of their ac- 
tivity (64) Without any doubt the coatmg action of mucm is also effective m 
infections of the respiratory tract, but m addition to its coatmg activity, it also 
occludes the smaller air passages and thus mterferes mechanically with the normal 
elimmatoiy mechanism (31, 46, 77) 
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CELLULAH STRTJCTUEES AND FUNCTIONS CONCEENED 

IN PAEASITISMi 

RENE J DUBOS 

The RochefeUer Institute for Medical Research, New Yorh 

The investigations earned out by Dr Avery and his school between 1913 and 
1940 have p^o^^ded the pattern, the master plan, used by our generation for 
the umnunochemical study of infectious processes His more recent pubhea- 
tions, on the other hand, have dealt with problems which bid fau to constitute 
some of the dommant preoccupations of the workers of tomorrow namely, the 
nature of those modifications of host chemistry which result from infection, and 
the mechanism by which hereditary characters are transmitted m microorgan- 
isms 

The mere recital of his many distmguished and vaned contributions would 
be sufficient to honor him It would, moreover, give us the vicarious enjoy- 
ment of many histoncal discovenes the correlation of the virulence of pneumo- 
cocci with the possession of a capsule, the recognition that not only virulence, 
but also the immunological specificity of the different pneumococcus types de- 
pends upon the chemical characteristics of the capsular polysaccharides, the 
development of rational and precise concepts and techniques for the production 
of protective antibodies and en 2 ymes selectively directed agamst the capsular 
material, the demonstration that many carbohydrates other than those of 
pneumococci can detenmne immunological specificity — for example those con- 
stitutmg the capsules of Klebsiella 'pneumoniae or, even more mterestmgly, 
simple sugars hke glucose and galactose when mcorporated mto synthetic anti- 
gens Careful study of his wntmgs would reveal a subtle awareness of the 
complexity of the infectious process The participation of the different com- 
ponents of the bacterial cell m virulence, immunity, and allergy — the multiple 
response of the host expressed not only by the classical immune and allergic 
manifestations, but also by the production of abnormal proteins of significance 
as yet unknown — all foimd their place m his analysis of the course of experi- 
mental and natural infections Throughout his career we could enjoy with 
him many excursions mto problems of bacterial physiology the recogmtion of 
the exactmg nutntional requirements of Hemophilus influenzae for the X (heme) 
and V (cozjTnase) growth factors, the stnkmg oxidation processes and autolytic 
mechanisms of pneumococci, and last, but not least, the spectacular demonstra- 
tion that a desoxyribonucleic acid fraction extracted from a culture of capsulated 
pneumococci can transfer to non-capsulated variants and their progeny the 
hereditary property to produce the capsular polysaccharide of the former culture, 
thus causmg a directed hereditary alteration of the ceU by means of a soluble, 
punfied cellular component 

* Based on the Oswald T Avery Lecture delivered before the Society of American 
Bacteriologists ^Iinneapolis, Minnesota, Maj 13, 194S 
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All these achievements and their evtension by other rvorkeis to manv 

^ understanding of the manner in which Dr Aveiy’s work 1^ 

- 

Bvoluiton of {he concept of mKTohial paramiim Although the concept of 
parasitism appears obvious m general biology, its meaning in relation to microbial 
infections remams very confused even today This confuaon results in part 
from the histoncal fact that our knowledge of microbial parasitism has evolved 
from two unrelated sets of phenomena, caused by entirely different mechanisms 
on the one hand, the attack on plants and animals by visible predatory parasites, 
on the other hand, the processes of fermentation and putrefaction mtheir vanous 
forms Although the relation of contagion to miasms, fomites and specific 
particles had been postulated many times before the bactenological era, it is 
doubtful that any of the early students of disease had really reached the con 
cept that microscopic living agents could attack man or animal It is worth 
recalling in this respect that, even after he had become convmced that the 
pdbrme corpuscles bore a causal relationship to the silkworm disease, Pasteur 
entertained for two years the view that the corpuscles were not truly mdependent 
livmg agents but were produced by the sdkwonn itself (34) It is almost certam 
that the discovery that certam infections, favus or scabies for example, were 
caused by fungi or by insects — parasites which could be detected with simple 
optical means — helped to breach the gap between the abstract concept of con- 
tagion and the concrete fact of parasitism But whereas one could see or imagme 
how the arthropod attacked the host, it remamed out of the range of expenence 
to visualiEe how a bactenum or virus could possibly do it 
The relation of fermentation and putrefaction to disease processes had also 
been postulated for many centunes Suffice it to recall here the oft quoted 
statement by Robert Bo^e that “he, that thoroughly understands tie nature 
of ferments and fermentations, shaU probably be much better able than he, 
that Ignores them, to give a fair account of divers phaenomena of several 
as well fevers as others, which will, perhaps, be never thoroughly understood, 
without an insight mto the doctnne of fermentation” 

The view that disease might be analogous to some derangement of onlW 
fermentation became more plausible when Pasteur traced the ‘^'adiK ol 
wine, beer and vinegar to the mvasion of fennentmg fluids by ^ 

capable of displacmg or mterfenng with the microbes engaged m the legitima 
biiRinpss of manufacturing alcohol or acetic acid 
The participation of a foreign microscopic agrat m 
fas m scabies) and m the spoiling of fermentation, appears today 
justification for groupmg under a ^er^ 

unrelated phenomena and to speak 0 con gio between the chemical 

But one may imagme that the nature bv a narasitic insect, and 

alterations durmg fennentation, the damage caused by a parasitic msec 
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the vanous infectious processes, must have appeared very obscure to many 
biologists Indeed some must have wondered whether the smulanty implied 
m using the word parasitism to discuss infectious diseases, went much beyond 
formal analog}’' and had any operational usefulness 

The biologically minded student of infection probably found comfort m the 
discovery by iMetchnikov of the phenomenon of phagocytosis As stated by 
Duclaux, there was at first sight something mcongruous m a conflict between an 
ox and a baciUus , the sizes are so different (34) Smce, accordmg to IMetchnikov, 
the baciUus was not deahng •with the animal as a whole, but with phagocytic 
cells of the same order of dimension as itself, the relationship appeared more 
plausible and sensible It is now known, m fact, that mtraceUular parasitism 
occurs m a great number of infections caused by bactena and protozoa and that 
it IS the rule m infections caused by viruses and nckettsia In consequence, 
many aspects of microbial parasitism can be studied at the cellular level 
Unfortunately, transfer of the phenomena of parasitism from the level of the 
whole animal to that of the individual tissue cells did not make easier the analysis 
of the problem m mechanistic terms, the nature of the weapons used by the 
microbe to attack its host remained as obscure Interestmgly enough, progress 
m this direction has not come from classical descriptive biology, but rather from 
the observation of pathological processes and from attempts to unravel their 
cheimcal determinism Recogmtion of the activities and nature of bacterial 
toxins was the first step m the analysis of the mechanistic asjiects of parasitism 
The evolution of our knowledge of these toxins began with the demonstration of 
the gross pathological effects of culture filtrates capable of reproducmg many of 
the manifestations of the natural diseases, it was followed by the isolation m 
more or less pure form of some of the chemical substances responsible for these 
effects, it has now entered the phase of analysis of biochemical mechamsm of 
to-on action, ushered m by the identification of the toxm of gas gangrene "with 
the enzyme lecithinase, and by the bnihant hypothesis formulated by Dr A 
M Pappenheimer, Jr to correlate the action of diphthena toxm ■with the m- 
hibition of the cytochrome-b system Other aspects of the evolution of our 
knowledge of bacterial toxins have just been remewed by Dr A Bemheuner (14) 
These recent advances warrant the hope that it ■wiU soon be possible to account 
m biochemical terms for the toxemia which accompanies many bacterial infec- 
tions, and for the other ph^-siological and metabobc disturbances which con- 
stitute disease 

Granted the importance of these phenomena for the understandmg of the 
chnical and pathological aspects of infection, they fail to reveal the primary 
cause of parasitism Among nucroorganisms, veiy few can cause infection, and 
the problem of how the pathogens differ from their non-mfectious relatives has 
perplexed bacteriologists smce the begmnmg of our science Durmg the late 
19th and earlv 20th centunes, countless stmhes were earned out m the hope of 
detecting metabolic or other biochemical differences correlated ■with mfective- 
ness, but all m i am Thus, it was discouragmg to find that the abiht}’ of micro- 
organisms to multiply tn vno is not correlated with any known nutntional and 
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requirements In this respect, pathogenic bacteria an- 
parently va m a haphazard manner Among acid-fast pathogens, for esmph 

liTri ’J°Ws bacillus ^uSS 

powth factors of unknmro chemical nature, whereas the most virulent tuK 
bacihi ^w readily and abundantly in snnple ^thetic media From another 
point of view, no valid evidence has yet been obtamed that resistance to the 
bactenostetic and bactericidal agents, or to the enzymes, normally present in 
tissue flui^ or cells, determines the abihty of a bactenum to survive and multiply 
m the body of a given animal Neither is the abihty to produce toxins a differ 
entiatmg character l^phoid or dysentery bacilli, for example, are not Imown 
to differ m this respect from many other gram negative bacilh which are only 
saprophytic, among group A streptococci, none is known to produce a more 
powerful erythrogemc toxm than the N Y 5, Type 12 stram which is essentially 
avrrulent for all known experimental animals, or again, virulent and avirulent 
variants of tubercle bacilh are equally able to cause the toxic manifestations of 
tubercuhn alleigy 


Failure to explam infectiousness m terms of available biochemical knowledge 
led several workers dumig the first two decades of the present century to return 
to a more biological statement of the problems of infection This attitude is 
well expressed m Theobald Smith’s classical essay ‘Taraatism and Disease" 
(1934) m which infection is treated from the pomt of view of the ecologist* In 
broad biological terms, the ideal parasitism was there conceived as a state of 
equilibrium between the infectious agent and the mfected qiecies permitting 
survival of both 


“Parasitism is in a sense a compromise or truce between two bving tilings, accompanied 
by predatory processes whenever opportunity is offered one or the other party The univer 
sality of parasitism as an offshoot of the predatory habit negatives the position taken by 
man that it is a pathological phenomenon or a deviation from the normal processes of 
nature The pathological marufestationB are only incidents in a developing parasitism 
As human beings intent on maintaining man’s domination over nature we may regard 
parasitism as pathological insofar as it becomes a dram upon human resources ’’ 


Disease could then be considered as the multiple manifestations, conditioned 
by genetic and environmental factors, of this delicate equilibrium between 
invader and mvaded host (76, 80) 

This broad biological and ecological pomt of view has been extremely useM 
m the analysis of epidemiological problems, but it has contributed little to the 
underetandmg of the mechanistic aspects of parasitism Nevertheless, some 
progress m this direction was made by analyzmg host-parasite relati^ips m 
the general terms of the immunological reactions which are directed by the m- 


» In the only long conversation which it was my pnvilege to have ^‘1*^ 

s«r, h. .»««'. ». tb,. on ■“‘its 

reaction* had been motivated more by the hope of „fter he bed 

than by the necessity of working out bxocbetmc^^ I “ 

lost hope of reaching an understanding ^ T«itmm 

knowledge that he turned hia attention to the broad biological laws o p 
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vaded host agamst the parasite as a whole For eNample, one spoke of anti- 
typhoid, antiplague or anticholera antibodies to account for whatever resistance 
could be established against these infections Furthermore, immunologists 
soon established that cultures of one given microorgamsm could elicit the pro- 
duction of several different antibodies, thus, a heat labile (H) and heat stable 
(0) antigen were recogmzed m several bactena, antitoxic sera were differenti- 
ated from antibactenal sera, and the agglutmm absorption technique revealed 
that each bacterial cell constitutes an antigemc mosaic made up of several un- 
munologically mdependent components It was also suspected that certam 
bacterial constituents or products, looselj' called aggressms, played a particularly 
important part m the phenomena of virulence But despite this general aware- 
ness of the complexity of bactena, the relation of the structure of the microbial 
agent to its ability to behave as a parasite had never been defined m precise 
terms It is, I believe, the analysis of pneumococcus infections, earned out m 
Dr Avery’s laboratorj’-, which provided the method by which antigemc structure, 
virulence, immunity and the other aspects of parasitism have been shown to be 
the expression of certam morphological and chemical characteristics of the 
microbial cells 

The mechanism of parasitism in pneumococcus infections We shall not review 
the pioneer work of Neufeld and his school on specific pneumococcus immimity, 
of Toennissen on the carbohydrate nature of the capsule of Fnedlander baciUi, 
and several other related studies, which constituted some of the material out of 
which Dr Avery built the immunochemical laws which we are to consider now ® 
It is the bearmg of these laws on the mechanism of microbial parasitism, and 
not the history of pneumococcus immunology, which is the object of our present 
discussion The facts, and their relationships, can be outlmed as follows 
a There is a defimte correlation between virulence of pneumococci and their 
possession of a capsule detectable by microscopic and immunochemical tech- 
niques (4, 5) 

h The non-capsulated vanants are more rapidly killed than the capsulated 
forms, both in vivo m the normal animal, and in vitro m mixtures of normal serum 
and leucocj’tes The capsule participates m virulence by mcreasmg the re- 
sistance of bacteria to phagocytosis (4, 5) 
c The capsular substance is a polysacchande It vanes m chemical structure 
from one pneumococcus type to another and conditions at the same tune type 
specificitj" and nrulence (4, 5, 46) 

d Specific antibodies directed agamst the capsular polysacchandes protect 
against infection by neutralizmg the ability of the capsules to mterfere with 
phagocjdosis (4, 5) , a similar result can be achieved with enz 3 Tiies capable of 
hydrolyzmg the capsular polysacchandes (6) 

c Although the reactive groupmgs of the capsular polysacchandes responsible 
for immunological specificity can survive many tjqies of chemical and enzjunatic 
treatment, the antigemc effectiveness of the complex polj'sacchande antigen is 

’ \ comprehensive survei of the historical aspects of this problem is gi\en by B White 
(SG) 
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far less stable In other words, the abihty of capsulated pneumococci to cJir.f 
ihl of antibodies protective against infection is optimum only nhen 

e bactena used for immunization are prepared by techmques which maintain 
the antigemc integrity of the capsular structure (8, 11, 26, 27) 
f Immunization with pneumococci elicits the production of many antibodies 
directed agamst components of the bacterial cell other than the capsular sub 
stance (other polysaccharides, proteins, etc ) These other antibodies, however 
have little if any ability to protect against infection althou^ they may play a 
part m certam pathological processes, for example m those caused by allergic 
reactions to bactenal products (9, 47, 83, 84) 

The significance of these facts can be emphasized from several different points 
of view For many workers, the most important contribution made by Dr 
Aveiy was the demonstration that carbohydrates play a part m virulence, anti 
gemcity, immunity, and allergy equal to, if not greater than, the rhle classically 
attnbuted to proteins Even more important, it seems to me, was the recogm 
tion that virulence and immumty can be analyzed apart from the parasitic cell 
as a whole, m terms of a few highly specialized components of it In the pneu 
mococci, these components were found to be the visible capsules, made up of 
polysacchandes, in other microbial species they might be other cellular structures, 
of another chemical nature The important step, accordmg to the view taken 
in the present discussion, was to have recognized the necessity, and the pos- 
sibility, of analyzmg infection not only m terms of general ecological host- 
parasite relationships, but m terms of identified cellular components of the 
parasite — its offensive and defensive weapons which effect the host and agamst 
which the host reacts 

This concept has now reigned over the study of infectious disease for a quarter 
of a centuiy, and to enumerate its successes would be to recount the history of 
medical bactenology dunng that penod, an obviously impossible task It is 
clear, however, that this approach does not constitute the only fruitful one to 
the study of infection, m fact, as was mentioned earlier, Dr Avery himself has 
dunng the past ten years become vitally mterested m other aspects of the prob- 
lem of infectious disease, for example the altered chemistry and physiology of 
the infected host (1, 52), and the mechanisms of transmission of hereditary 
characters m microbial species (10, 57) Nevertheless, as the mechanisms 
which condition parasitism are the limited object of the present discussion, I 
shall attempt to discuss this problem further by applymg the expenence gamed 
from the study of pneumococcus infections to the formulation of hypotheses 
concenung the pathogenesis of tuberculosis 

Titberculosts os an example of parasUtsm Tuberculosis illustrates well 
problems of parasitism, because it presents a situation ^ 

microSrgamsm can live m apparent equilibnum with the infected ^ j" P 

longed periods of time, often causing only limited, or even no signs 
iJm, The paMopet hae toted wth 
hietolopeal Mpeete of the lespoeM of tie host to the 
of the infection, to the estabhshment of the lesion, and its awes o p gressi 



1948 ] 


CEIiLTJIiAR STRUCTURES AKD FUNCTIONS IN PARASITISM 


179 


•to fatal'^outcome The cluucian has learned to recognize, predict and to some 
extent control, the manifestations of the disease The epidemiologist has ac- 
cumulated data descnbmg the natural course of the disease m new and m im- 
mune populations, and the influence of environmental factors on morbidity and 
mortality The bactenologist has learned to grow the bacfllus, and knows much 
of its peculiar chemistrj’’ But despite this immense background of theoretical 
and practical knowledge of the disease and of the causative organism, Uttle is 
known of the mechanisms by which tubercle baciUi become established m a new 
host, and cause disease, or of the processes used by the mfected host to over- 
come the infection In other words, we know much of the ecological aspects of 
host-parasite relationships m tuberculosis, hardly anjdhmg of the means used 
hy the bacfllus to behave as a parasite 

Of the many strains of acid fast bacilli which occur m nature, only very few 
can cause progressive disease m man or animals The nrulent forms exhibit a 
marked degree of specificity m their host range and have been classified on this 
basis mto several pathogemc tj^ies human, bovme, munne, anan, piscme 
Nothmg IS known of the factors which deter min e specificity m host range 
Within any given pathogemc type, cultures of tubercle bacilli may vary 
greatly m virulence This statement can be illustrated with a few specific 
examples of strains readily available to laboratory’’ workers The human stram 
H37 was isolated at the Trudeau sanatonum m 1905 In the course of time, 
two vanants have been separated from it One, HSTRv, is so -virulent that a 
smgle or a very few cells can mitiate progressive disease m gumea pigs (77) or 
susceptible rrnce (64) , the other variant, H37Ra, is so devoid of virulence that 
even very large doses of it fail to cause progressive infection Another stram, 
Ri, was also isolated from a patient at the Trudeau sanatonum, this stram how- 
ever, soon lost much of its virulence and became stabflized at a level such that 
it fails to produce progressive disease m normal gumea pigs although it can m- 
fect silicotic animals (78) From t his somewhat attenuated stram, there has 
also been isolated a variant (RiRa) which, like H37Ra, is so devoid of virulence 
that it cannot infect even sflicotic animals Other familiar examples of differ- 
ences m virulence are the two bo-vme strains Ravenel, which has remamed 
higlily virulent smce it was first isolated some 50 years ago, and BCG which is 
sufficiently avirulent to permit its use as a livmg vaccme for immunization (19) 
The relahon of vinileni and avirulent tiiberde haciUi to 'phagocytic celle Expen- 
mental pathologists have established many fundamental facts describmg the 
comparative behainor of these different strains m resistant and susceptible 
animals We shall consider for the present time only those facts which pertam 
to the behanor of the bacteria toward phagocytosis Whereas, among pneumo- 
cocci, the non capsulated organisms are much more readily phagocytized than 
the capsulated forms, no stnkmg differences m rate of engulfment by phago- 
cytes has as yet been descnbed between virulent and aimilent vanants of 
tubercle bacilli Followmg their mtroduction mto the animal (or m tissue 
cultures or other in vitro phagocytic systems) both the virulent and avirulent 
bacilli are rapidlv taken up by poljmiorphonuclear leucocytes and find their way 
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mto monomuclear cells a few houxs later It xs the course of events subseo,,™* 
to phagocytosis which differentiates the two fonns of back m 
anante may sur^ve intraceUularly for prolonged penods of time, but fafl^o 
^ ^ ^ Bi^ificant degree On the contrary, the virulent organisms rapidly 
mc^ m numbers m the susceptible animals and soon become detectable both 
within and outade the phagocytic cells Whether bacterial multiphcation oc- 
curs extra^llularly, mtracellularly, or both, is a question which has not been 
convmcmgly answered, and which cannot be discussed here 
Dumg the past few months, my coUeague, Dr Hubert Bloch (17), has made a 
few observations which may contnbute to the understandmg of the relation of 
virulence to phagocytosis By studying the emdate at mtervals of time after 
mjection of bacilli mto the pentoneal cavity of mice, he could confirm that 
both avinilent and virulent forms were rapidly engulfed by phagocytic cells 
He further gained evidence that engulfment of the virulent bacilh often resulted 
m the death and disruption of the phagocyte, a fact not observed with the non- 
virulent forms These observations suggest the important conclusion that 
virulence is correlated with the ability of the bacillus to cause mjuiy to the 
phagocytic cell It seems legitimate to wonder whether this cytotoxic effect 
does not result m the liberation from the phagocytic ceUs of products that favor 
the further growth of the baciUi, a view for which suggestive evidence wEi be 
presented later 

Morphological and chemical differences between mruleiU and amrulent tubercle 
bacilli Many efforts have been made to recognise between vmilent and avixu- 
lent tubercle bacilli differences in their immunological or chemical character 
istics, but with unconvmcing results On the other hand, bactenologists have 
long been aware that certain morphological aspects of the bacterial growths 
appear to be correlated with virulence (18, 37a, 63) Without attemptmg to 
review earlier observations, I shall limi t myself to a bnef summary of the morpho- 
logical characteristics recognized by Dr hliddlebrook m cultures of tubercle 
bacilli cultivated m the liquid and agar culture media developed m our laboratoiy 
(33, 59) In all virulent forms of human and bovme strains so far studied, the 
cells exhibit a marked tendency to adhere to one another m the direction of their 
long axis, this tendency results m the formation of strands of bacDh, ■which can 
be very long and at tunes extend over several microscopic fields, and which are 
several cells m thickness In contrast to this serpentme pattern of growth, the 
avirulent vanants exhibit either random growth or perhaps a rosette arr^ge- 
ment of the cells These microscopic morphologica] differences are refected m 
the macroscopic appearance of the cultures m liquid and on solid mem, e 
virulent forms tending at first to give nse to thm films of growth spreading oy 
the outward progression of the long strands of cells, whereas the 
vanants tend to multiply in the form of isolated islands consistmg of heafK 
ZsToM. (PI... I li Plate n) It » of Jf “ ““ to 

morpWogicia diaroeteialics can bo obaemd m 
are not artifacts due to cultivation m imorthod^ media (55) 
present information, therefore, it appears worth considering 
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pothesis that the substance which tends to make the virulent bacilli adhere to 
each other and which causes their spreadmg mode of growth is m some obscure 
way correlated with virulence, perhaps by virtue of its abihty to evert a toxic 
cytolytic effect on phagocytic cells 

Unfortunately, there is as yet no convmcmg information concemmg the chemi- 
cal nature of this substance and it can only be stated that the tendency of the 
virulent bacQh to grow m the form of “cords” is overcome by the addition to the 
culture medium of certam ts^pes of non-iomc wettmg agents (33, 59) It is 
possible that the morphological differences between virulent and avirulent 
bacilh are not of a quahtative but only of a quantitative nature, and may be due 
to the production by the virulent forms of larger amounts of a certam hydro- 
phobic substance, much less abundant m the avmilent form, which is wetted 
by the non-iomc surface active agents 

Toxic and allergic reactions in tuberculosis Granted the abihfy of virulent 
tubercle baciUi to become established m susceptible hosts, knowledge of the 
nature of the disturbances by which they cause disease is far from clear and 
complete The existence m tubercle bacilli of components capable of exertmg a 
(hrect toxic effect has often been surmised, but has not been convmcmgly demon- 
strated (65, 68) The facts that undiluted tuberculm is somewhat toxic to 
cultures of normal tissues (2, 60, 66, 67, 69) and that killed bacflh, or extracts of 
them, can provoke the histological changes of tuberculosis (20, 71) are only ques- 
tionable evidence of the existence of a toxm There is no doubt on the other 
hand that tuberculous infections brmg about a number of allergic reactions 
which are certainly of importance m the symptomatology and pathology of the 
disease As is well known, the best studied among these is the allergy to bacil- 
lary protem which has been so extensively described under the name of delayed 
or tuberculm type of reaction We need not review here the classical studies 
concemmg the purified protem fractions which have been shown to possess a 
high degree of tuberculm activity (74) In addition to then great theoretical 
and practical mterest, these purified proteins provide examples of convmcmg 
correlation between chemical nature and biological activity It must be em- 
phasized, however, that allergy m tuberculosis is not limited to the reactions to 
the purified proteins Not only have other protem fractions been shown to 
exhibit tuberculm activity (56) but it is also certam that still other components 
of the bacterial cell (carbohydrates) can ehcit allergic reactions of the immediate 
(anaphylactic) type (21, 56a) As far as is known, these reactions can be m- 
duced by virulent and ainrulent bacilli alike The capacity to mduce the 
allergic state, therefore, cannot be synonymous with virulence, although it 
certainly plays an important part m pathogemcity 
It IS one of the remarkable properties of tubercle bacDli that them mere presence 
greatly enhances the antigemcity of many unrelated substances (36) This is 
not a umque property of mycobacteria smce, for example, antibodies agamst 
agar are often produced when other bacteria grown on agar gels are used for 
immumzation Nevertheless, the abihty to enhance the antigemcity of diverse 
and unrelated substances is so mtense m the case of tubercle bacilh that it must 
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product whch accompanies tuberculosis, furtbermore tJm property raises the 
fected host may ^0 take place dunng tuberculous infection It is knoim that 

MM 1 ^’ tissuemmedinthh^tl 

killed tubercle bacilli resuspended m paraffin oil brings about the production of 
Mtibram antibodies and the development of allergic encephalitis (48, 61, 62) 
Un the other hand, mjection mto rabbits of tubercle bachh which have adsorbed 
certain synthetic surface active esters of oleic acid elicits the production of 
antibodies directed agamst these esters (58) As many types of surface acbve 
substances (phosphohpids, cerebrosides, etc ) are widely distributed in tissues, 
and can become adsorbed on tubercle bacilli, one may wonder whether allergy to 
tissue constituents altered by the infectious process does not play a r&le in the 
pathology of tuberculosis Whether these giecuJations ate justified or not, it 
remams a fact that certam peculianties m the cellular structure of tubercle 
bacilli render them specially effective m enhancmg the antigenicity of many 
types of natural and synthetic materials, and it is veiy gr&tsSymg that progress 
is bemg made towards establishing the nature of bactenal components 
responsible for this mterestmg property (20, 67) 

Immnniiy io iuhemdosis That a limited, but unquestionable level of im- 
munity to tuberculosis results from prior exposure to tubercle bacilli, is shown 
by epidemiological and clinical observations m man, and can be demonstrated 
in experimental animals But no convmcmg theory has been offered to ac 
count for the mechanism of this acquired immunity 
As tuberculous infection brings about the state of tuberculm allergy, one of 

PLATE I 

la HSTRa Ziehl-Neelsen stained smear of a 7-<lay-old culture in liquid medium cob 
tmnins 0 02 per cent 'tween 80" and 0^ per cent serum albumin Note the lack of onentation 
in the arrangement of the cells of this svirulent strain X 1000 

lb H37B.V Ziehl-Neelsen stained smear of a 7 day -old culture in liquid medium con 
taming 0 02 per cent tween 80 and 0 5 per cent serum albumin This culture was recenll} 
isolated from an experimentally infected mouse Note the tendency to the formUon of 

cords X 1000 n ni n<.r 

2a H37Ra 12-day old culture on the surface of the agar medium containing ” ^ 

cent tween 80 and 0^ per cent serum albumin The colonies are smooth surfaced, raised, 

and opaque X 90 . 

2b H37Bv 12-dsy-old culture on the surface of the agar medium contaimng u ui pc 

cent tween 80 and 0.6 per cent serum albumin The colonies are flat and translucent, an 

have serpentine markingB X 90 ni ner 

3a HSTRa 12-day-old oultura on the surface of the agar medium containing u o F 
cent serralbumm and no tween Note the non onented structure of the colom^ Jbe 
colomea are heaped-np and have little tendency to spread out over the surface of 

m7Rv 12 day-old culture on the surface of the agar medium containing 0.5 per 
* and no Leen The colomes have a serpentine structure, cor^ a o 

cent serum albumin ana no iweeu because of their 

^Bible in the form of loops at the ton unddate wns, they are flat because 
tendency to spread out over the surface of the meium X M 
^rphZraphsweremadebyMr Josephs Haulenbeck 








184 


IIBNE j dub os 


^OL 12 


, /Z f that acquir^l immim.li 

aZ of n7“““’ ““’testation, of allergy A brief statemel of the knoiia 

Z of facilitate a meie piee.sc clefiiu 

ion of this problem As already mentioned, infection AMth, or injection of 

pneumococci elicits multiple immunological reactions directed against the differ- 
ent antigemc constituents of the bactena, several of these reactions hare been 
recognized in teims of allergic manifestations Thus, mtradermal injection of 
he specific capsular pol} saccharide mto the infected or immunized animal calls 
forth an immediate, anaphylactic tATie of reaction, iihereas injection of the bac 
teiial nucleoprotem fi action or of the non-specific somatic polysacchandc (C) 
results in the delayed tuberculin type of reaction (12, 35, 47, 83) It is onli' in 
the case of the first of these three antigens (the capsular polysaccharide) that 
the allergic reaction depiends on the presence in the serum and tissues of an 
antibody n Inch is capable of protecting against infection, m other nords, allerg)' 
to the capsular polysaccharide is correlated ivith a state of immunity Wiether 
in the case of pneumococcus, allergy means immunity, is therefore a question 
that can be answered only if one qualifies the nature of the bacterial antigen 
which IS used to measure the allergic state A similar situation ma) obtain in the 
case of tubeiculosis Although it has been shown that skm allerg)' (delaywl 
type) to the tuberculoprotein does not necessarily reflect a state of unmunit) 
(GS, 67, 68), it remams possible that there exist constituents of the tubercle 
bacilli against nhich is directed an immune reaction vhich can be recognized 
either by an allerg)' test or by immune resistance to infection But, unfortu 
nately, these bactenal constituents, and their corresponding immunological reac 
tions, have not yet been identified * 

As the ability of tlie bacilli to exhibit the serpentme growth pattern seems to 
be correlated mth vinilence, it is enticing to believe that an antibody directed 
against the substance responsible for this mode of grou-th ii ouJd have protective 
value There is as yet no evidence m faxmr of this view, and in fact, the knoiil- 
edge that immunity can be established by injection of the attenuated strain 

• It should bo pointed out at this time that the aecunmlatioD of inflammatoo cells 
evoked at the site of the allergic reaction probably plays a r6Ie in modifjing resistance a 
fact which complicates the analysis of the relation of allergy to immunity 

PLATE II 

nn.« .ub„c. (H37 Rv,, .. 

oleic acid albumin medium The bacilli form cor s bacilli (H37Rv) groan m 

4 Ziehl Neelsen stained preparation of . ^ The cords are 

oleie acid albumin medium containing 0 5 per 
tighter than in fig S. the^parallel ® 

The photographs were made by Mr Julian y 
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chandcs (m the case of the pneumococci), or of the M proteins ^in the cas^ of 

reptococci) too small to allon bactenal proliferation w mvo and therefore too 
smah to endow the bactena mth a inilence, but sufficient to ehcit the production 
of the homologous specific protective antibodies, m other words, there are 
known several strains of pneumococci and streptococci which haie become 
stabilized at levels of production of the “virulence” antigens not adequate to 
permit progressive infection, but capable of caUmg forth the specific immune 
reaction (54, 70, 82) 

It would be enlightening to ree\arame from this pomt of view the attenuated 
cultures of anthrax, fowl cholera, and swine erysipelas used by Pasteur in his 
celebrated experiments on immumzation m order to determine whether the} 
had retained some of their “inrulence” antigens For the immediate purpose of 
our discussion, in anj case, it is worth considenng the possibility that tubercle 
bacilli can also be stabilized at levels where they produce enough of the xnnilence 
antigen to immunize, but not enough to produce progressive disease Of special 
interest in this respect is the fact that abibty to exhibit the serpentine pattern 
of growth is not an all or none property m tubercle bacilli On the contmr} , 
strains differ quantitatively rather than qualitatively ivith reference to it, and, 
by adequate cultural techniques, it is possible to recognize that, in BCG cultures, 
the bactena retam to some extent the ability to organize themselxes according 
to this pattern, suggestmg the existence in BCG of a small residuum of the 
xnndence property (59) 

Effect of VI VIVO environment on the antigenic structure of bactena The BCG 
vaccine consists of livmg organisms and its effectiveness as an immunizmg agent 
depends upon its ability to achieve a Innited degree of proliferation in vno This 
fact raises the possibility that the bacilli produce dunng growth m the animal 
tissues an antigen which is not produced tn intro m the ordmarj-^ culture media 
There is a wrell established precedent for this hypothesis In confirmation of 
Bail’s early claims on the production of aggressms, it has been demonstrated 
during recent years that the edema fluid in anunals infected with anthrax bacilli 
contains an antigen ivhich is not produced bx the bactena m ordinaiy bacteno- 
iogical media, this antigen is formed tn vitro only under leiy specml cultunil 
conditions (39, 45, 85) There is as yet no evidence for , 

similar phenomenon m the case of tubercle bacilb. and the fact that it ^ po. 
to estebU vaceme, mode up of heut Mod v™ e„t •’•'f ■ « “ 
munity equal to ttiet induced by BCG aiggcsts that the nnmunimg S 
^d lv produced by the bacdl. » n(rc Ne.ertheleee, recent obsmat.® 

iniggcst flmt the morphology of « d™'- 

their antigenic constitution, can be mod ^nnnpnts of animal tissues 

tatrvely. by growth 5^', oCf'L»re“^^^^ 

Thus, Dr H Bloch has found that addition of aqueous extra 



1948] 


CELlitriiAR STETJCTURES AND FUNCTIONS IN PARASITISII 


187 


to oleic acid-albumm medium causes non-virulent tubercle bacilli to exhibit 
the serpentme pattern of growth characteristic of the lurulent forms, and that 
the same extracts also affect the \urulent bacdli m the same direction, mcitmg 
them to grow m the form of bacillary cords much tighter than those obtamed m 
ordmary media (Plate II) No technique is available to translate these findmgs 
mto immunological terms Nevertheless, prel imin ary observations suggest 
that the chick embryo extract has an enhancmg effect on some aspect of virulence 
of the organisms growmg m its presence, this effect however is entirely reversible, 
as the bacilli return to their ongmal level of nrulence as soon as transferred to 
media devoid of the extract (16) 

In the past, the effect of the %n vivo environment has been considered chiefly 
from the pomt of view of classical immunity reactions It is important to 
remember, on the other hand, that many metabolic phenomena which must 
play a part m pathogemcity, are markedly altered by environmental changes 
It IS sufficient to recall m this respect that slight modifications m the composition 
of the medium, which have little if any effect on the rate of bactenal growth, 
mcrease or decrease out of all proportions the production of toxins by diphtheria 
baciUi, clostndia and other pathogenic agents (14) Similarly, the production 
of certam enzymes is an adaptive process, and depends upon the presence m the 
culture medium of the homologous substrate (28, 38) Although only two 
enzymes of mterest m pathology (hyaluromdase and the lecithmase a toxm of 
dostndia) have so far been shown to exhibit adaptive behavior, the phenomenon 
IS certainly one of wide occurrence and cannot fail to be of significance m patho- 
logical processes The effect of the in vivo environment on the cellular structure 
and metabohc equipment of bacteria, and therefore on their pathogemc be- 
havior, IS one of the virgm fields of medical bacteriology 

Factors which off ect the 'proliferation of tubercle baciUi in vivo In the immunized 
or naturally resistant host, virulent tubercle bacilh may survive for prolonged 
periods of tune, although they fail to mcrease m numbers It is certam that 
under body conditions the bacilli respire and metabohze, but the nature of the 
bacteriostatic and bactencidal influences which control then: multiphcation is 
entirely unknown Analysis of this problem will require eventually some knowl- 
edge of the metabohc reactions used by the baciUi for multiphcation in vivo 
■As IS well known, virulent tubercle bacilh can grow in vitro m synthetic media 
of extremely simple composition, but this tells us httle of the substrates which 
they do utihze m the animal tissues The observations made m our laboratory 

ave led us to emphasize the r61e of lipids m the nutrition of these bactena (29, 

proven that this r61e is as important m the body as 
we tod it mterestmg m our test tubes Nevertheless, there is no question that 
l ^ Peculiar r61e m the metabolism of tubercle bacilh Thus it is a re- 
markable fact that, under the proper conditions, certam long cham fatty acids 
an alcohols, and even hydrocarbons, are much more effective than glucose or 
g J cerol in stimulatmg their respiration (44, 51, 72) Furthermore, the juelds of 
anan and human mj’-cobactena grown m serum albumm media contammg pal- 
mitic, steanc or oleic acids (either m the form of the sodium soaps or of the water 
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daperaible esters), Imoleic, Imolenic or arachidomc acids lecithin kenh«l.n 
^hingomyelm or hgnocenc acid, increase in direct proportion ivith m ’ 

tration of the fatty acid in the medium (29, 32) ^ ^ n ^vith the concen 

Evidence IS now accumulatmg that certa^ tissue components are capable of 
averting a stimidatmg effect on the growth of tubercle baciUi For axample the 
phospholipid sphmgomyelm permits the growth of small inocula even m’ the 
absrare of ^m albumm and at the same time mcreases markedly the yield of 
groTrth withm a given period of mcubation (32) This dual effect can be ana 
yzed m terms of two mdependent properties On the one hand, sphingomyehn, 
uke albumm, can detovify long cham fatty acids and thereby exerts a protective 
^ect on the bacilli On the other hand, it acts as a source of nutnent probably 
by virtue of the hgnocenc acid which is present m amide form m its molecule 
Other tissue factors present m aqueous extracts of chick embiyo, and as yet un 
identified, have also been found to enhance and modify the growth of tubercle 
bacilli tn inlro (1C, 37, 76a) It appears likely, therefore, that as more is learned 
of the requirements of these organisms, it will become possible to reduce con 
siderably their generation tune m tnlro, a result which would be of theoretical and 
practical importance especially m view of the fact that the generation time of 
tubercle bacdli tn vivo appears under many conditions to be much shorter than is 
usually assumed 

Although serum is a poor medium for the growth of tubercle bacilh, their 
growth is abundant when the cellular elements of the blood have been lysed 
(66a, 88) These facts suggest the possibihty that the growth promoting 
effect of sphmgomyelm and of substances similar to those present m embiyo 
extract may have a bearing on the problem of baotenal proliferation »» woo, 
particularly m caseous material and m the necrotic tissue found m silicosis The 
relation of the cytotoxic properties of virulent tubercle bacfiJi to the local release 
of cellular components available for the nutntion of the bactena is also a subject 
worth meditation and experimentation 
Tlie inhibition of growth by immune processes directed against the metabolic 
enzymes of bactena has often been postulated “AntibJastic unmumt) was 
first mentioned m the case of anthrax by Ascoh (3) and later in the case of pneu- 
mococcus infection by Dochez and Aveiy, possibly the basis of mistaken interpre- 
tation of accurate experimental findm^ (15, 25) The concept of antMaste 
immunity is compatible with the knowledge that antibodies can be 
agamst certam enzyme proteins and can inhibit them enzymatic actmfy (76J 
The recent finding that, in paramecia, specific antibody not only abolish^ mfr 
tility, but also brings about a hereditary alteration of the antigemc 
the cOia, (76b), demonstrates that immune reactions can affecUhe co^e 
enzymatic reactions which determme the composition of microbi^ At 
preint tune, however, factual evidence that there exist — ® 

Lch can inhibit the proliferation of paxasit^ 
of infection by certam protozoa and helmmthB (81) Whether t 
demonstrated by Taliaferro and his coUeagues is ^ be 

It has Its counterpart m tuberculous disease are questions wtuen 

answered at the present time 
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Ilnally there remains to be mentioned the possible existence in tissues of sub- 
stances other than immune bodies capable of exertmg a bactenostatic or bacten- 
cidal effect on growth Thus, long chain fatts’- acids are extremely toxic for 
tubercle bacilh, and although their toxic effect is overcome under ordmary cu- 
cumstances by serum albumin and sphmgomyelm (13, 22, 23, 24) there may be 
cucumstances, m autolyzmg tissues for example, where them bactericidal effect 
can come mto play Sphmgosme may also be toxic for tubercle bacilli (32) In 
fact, it IS becommg apparent that the resistance of tubercle bacilli to antibacterial 
agents has been greatl}'' exaggerated Not onlj' are mycobactena normally 
susceptible to many more agents than was formerlj’’ suspected, but it is also 
possible to mcrease their susceptibility by slight changes m the enAuronment 
Thus, all surface active substances which facilitate dispersed growth of tubercle 
bacilli by wettmg them hydrophobic surface mcrease the susceptibilitj’’ of these 
organisms to a variety of antibactenal agents (tnphenylmethane dyes, p-ammo- 
sahcsdic acid, streptomjmm, subtihn, penicillins) (30, 49, 50, 79) For example, 
strains of mj'cobactena which can grow m oleic acid albumm medium (m which 
their surface is strongly hydrophobic) m the presence of 100 micrograms of pem- 
ciUm or of subtihn per miUihter, are inhibited bj’^ 5 micrograms of these inhibitors 
m media contammg the proper wettmg agent Whether this is due to the more 
dispersed state of the cultures in media contammg the wettmg agents or to the 
fact that the latter substances facihtate access of the inhibitor by modifying the 
bactenal surface is as yet unsettled In any case, the important conclusion can 
be drawn from these facts that the resistance of tubercle bacilli to inhibitors 
which are effective against other microbial species need not be the consequence 
of peculianties m the metabohc eqmpment of the former organisms It may be 
due merely to the hydrophobic character of their surface which retards or pre- 
vents the contact between the inhibitor and the susceptible cellular substrate 
Although these results were ohtamed m artificial media, and with synthetic 
wettmg agents, it is worth keepmg m mmd that animal tissues also contam many 
types of surface active agents which, under certam circumstances, may alter the 
susceptibility of tubercle bacilh to various agents 
Whatever the real nature of the mechanisms which hold m check the mcrease 
m numbers of tubercle bacilli m the infected mdindual, they often result m a 
delicate equilibrium between parasite and infected host But this equilibrium 
IS extremely unstable, and it is well known that many changes m the host or his 
ennronment can brmg about reactivation of a dormant tuberculous infection 
To illustrate this statement, it is sufficient to recall how suddenly tuberculosis 
mortality rates mcreased m different parts of the world durmg the first and second 
World Wars Within a few months, tuberculosis had taken the lives of many 
mdimduals who, pnor to the upheavals associated with the war, were bvmg m a 
state of unsteady equilibrium with their disease (la, 87) These observations 
promde fertile huntmg ground for the epidemiologist From our pomt of new, 
tliej emphasize once more the necessity of identifymg those structures and reac- 
tions at the level of which the animal and bactenal economy influence each other 
Conclusion W e have travelled a long way from the analysis of the r61e played 

bA capsular polysacchandes m the pathogenesis of pneumococcus infections, but 
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a sm^e Im led us through our wandenngs We have attempted to ana 
lyre the ability of microbial parasites to mvade and cause disease, and the immu- 
noloeic^ and pa^ological responses of the infected hosts, m terms of the r 61 c 3 
played by the different constituent parts of the parasitic cell 
The r^ts obtained in the study of pneumococcus unmunity remam as a 
s^bol of perfection and as a goal m our efforts Even today, after twenty \ cars 
of experimentation m all fields of medical microbiology, no experiment compares 
m elegance and convmcmgness with the demonstration that one can bnng about 
specific immumty against pneumococcus infection by mjectmg the purified cap- 
sular polysacchandes mto experimental animals (41, 42, 43 , 73 ) or man ( 35 , 53 ) 
Indeed, it has been found possible to establish a certam level of immunity against 
virulent pneumococci by means of synthetic antigens which mnmc the unmuno- 
logical specifioity of the capsular polysacchandes, although they do not contain 
any part of them (40) The analogy with the evolution of our knowledge of 
hormones and vitamins is worth bnngmg out at this time Following the recog- 
mtion by physological methods of hormonal influences and vitamm deficiencies, 
the chemist, guided by precise biological tests, identified and synthesized the 
active chemical agents A similar process is slowly emergmg m the study of 
infectious diseases, and Dr Aveiy’a work has histoncal significance because of 
his pioneer and unexcelled contributions m this field It was he, who first estab 
lished experimentally the importance of identifymg the structures and functions 
of microbial cells which are of significance m the infectious process With han, 
microbial parasitism evolved from an ecological concept mto a body of facts and 
doctnnes which define m physicochemical terms the mechanism of host parasite 
relationships 
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PROPERTIES OF CERTAIN RAPIDLY ACTING BACTERIAL TOXINS 
AS ILLUSTRATED BY STREPTOLYSINS 0 AND S^- 

ALAN W BERNHEEVIER 

Dcparimcnt of Mtcrohiology, jVeto York Univcrstty College of Medicine 

The nature of bactenal to'ons, their mode of formation and action, and their 
r61e in the genesis of disease, are problems that have occupied mvestigators 
smee the early days of medical imcrobiology With the recogmtion that poi- 
sonous bactenal products could account for the major manifestations of each 
of a number of diseases, there developed an active and endunng mterest m the 
qualities of the poisons themselves In particular, the tovms of the diphthena, 
tetanus, and botubnus baciUi have been most mtensively mvestigated 
Apart from the classical exotovins just mentioned, there exists a rather large 
group of toxic bactenal products vhich, on the whole, have been studied less 
thoroughly Because of the diversity of their effects, it is difficult to define them, 
as a group, m a completely satisfactory manner The toxic bactenal products 
to be discussed differ from the classical exotoxins m several ways, one of the most 
stnkmg of which is that theu visible effects are not preceded by a latent penod 
of appreciable duration They act swiftly, and might therefore be termed rap- 
idly acting or acutely acting toxms It is noteworthy also that most, if not aU, of 
the rapidly actmg toxins are hemolytic, a property which is not shared by diph- 
thena, botubnus, ortetanus toxm (tetanospasmm) Although none of the rapidly 
actmg toxms has been isolated with certamty as a pure substance, it is clear that 
the lethal activity of the most potent preparations is of a much lower order than 
that of the classical exoto xins Rapidly actmg toxins are produced by some 
strains of staphylococci and streptococci, by pneumococci, by several of the clos- 
tndia, and undoubtedly by many other bactenal species 
Among the pathogemc bactena, a smgle species may elaborate several distmct 
toxms of which one or more is of the rapidly actmg type This is true of many 
strains of Streptococcus pyogenes, a fact which has been clarified especially by 
Todd (23) who differentiated by immunological means, two hemolytic toxms 
which he designated streptolysm 0 and streptolysm S These two substances 
are, m certam respects, representative of the class of rapidly actmg toxms, and m 
the foUowmg discussion they will be considered m some detail They differ from 
each other not only immunologically and m the manner m which they are affected 

by certam orgamc substances, but also m the conditions govemmg them for- 
mation 

Before discussmg the factors mvolved m formation of streptolysins 0 and S, 
it is pertment to mention some of the conditions necessary for optimal growth of 
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ihe organi^ NutntionMIy, the pathogenic streptococci are among the most 
e^ctmg of aU bactena In addition to salts and an energy source ^ch as glu 
co^ th^ require an impressive assemblage of ammo acids and vitamins (27 19 
, ) However, even when all of the substances known to be required for multi’ 
pbcation are pre^nt, growth m terms of bactenal weight perumt volume of me- 
^um is likdy to be ahght compared to that which can, under suitable conditions 
be obtam^ By mcreasing the concentration of eertam of the nutrients, some 
of which had been found to be hmitmg, by reducmg the total salt concentration 
to a minimum, and by neutralmng with alfcah the lactic acid formed from glu 
cose, there was evolved a medium of essentially defined composition capable of 
supportmg growth amounting to several grams of streptococci, dry weiEht, per 
liter (8, 7) ^ 

The mere fact that a toxigemc bactenal species can grow under a particular 
set of conditions gives no assurance that it wDl produce toion under the same 
circumstances In fact, there does not seem to be any way of predictmg whether 
the formation of a particular toxm will occur automatically as a consequence of 
growth Streptolysin 0 was found to be produced m the defined medium just 
as it IS m broth, and it appears, therefore, that its formation does not require 
extra-nutntional factors The situation m regard to streptolysm S, however, is 
quite different Its formation is favored by the presence of serum, either m grow 
ing cultures (23) or m contact with restmg cells (25, 26), and until recently it was 
believed that appreciable amounts of streptolysm S are not formed m the absence 
of serum 

There are eertam onginal and important observations on the formation of 
streptolysm, made by Okemoto, ltd and their coworkers m Japan that are not 
well known in this coimtry In 1939, Okamoto (17) discovered that yeast nu- 
cleic acid causes the formation of a very potent hemolysm m cultures of Strepto- 
coccus pyogenes The stnkmg effect of yeast nucleic acid can be demonstrated 
m bleed agar plates as well as m broth cultures The beta hemolytic zones 
around colomes growmg on the surface of blood agar containing sodium nucleate 
are relatively enormous compared to those of colomes growing on plain blood 
agar Although high concentrations of yeast nucleic acid improve the growth of 
streptococci, it can be shown that the great mcrease m streptolysm fonnaton 
seen m plates or m liquid media is not dependent upon increased growth The 
yeast nucleic acid effect appears to be specific for beta-hemolytic streptococci, as 
mdicated by the findmgs of Okamoto (17) who studied several other s^^o 
gram positive cocci, and by the results obtamed m our laboratory m whmh a^ 
variety of gram positive and gram negative organisms were . 

T H HomganandH H Balch, we have observed toe nudeic acid effectnotorhy 

m strains of Lancefidd Group A but also m eertam sti^ 

D E G H, and L These findmgs do not imply that toe nude 
shown by all strains of these groups nor toat it may not be encoun e 

bdongmg to other Lancefidd groups ciifli\drvl com- 

of oertom .gooto, such « 

pounds, and cholesterol, to affect the activity of toe nud 
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shows that it cannot be streptolysin 0 In all respects studied, how ever, the 
nucleic acid hemolj^m is identical with streptolysin S The almost unlimited 
capacity of bactena to undergo variation provided a means for testmg further 
the possible identity of the nucleic acid hemobEm with streptolysm S From a 
culture of Group A streptococci, it was possible to isolate a mutant which, unlike 
the parent stram, failed to produce streptoliEin S In broth cultures as well as 
in plates, nucleic acid, although haiung its usual effect on the parent stram, 
failed to stimulate Ij'sin production bj’’ the mutant In addition, exammation 
of a senes of strains, some of which produce only streptolysm S, others only 
streptotysin 0, and others both, showed that the nucleic acid effect is demon- 
strable only m strains hainng the potentiality for streptob’^sm S formation From 
these results, and the ones alread}’' cited, it can be concluded that the nucleic acid 
hemolysm is streptolysm S (9) 

The capacity of nbonucleic acid to mduce the formation of streptotysm S is 
possessed not only by yeast nucleic acid but also by nbonucleic acid from certam 
other sources, such as mammalian bver, wheat and bactena A smgle prepara- 
tion of nbonucleic acid from tobacco mosaic virus, tested under the same condi- 
tions, failed to cause streptolysm formation — a findmg which suggests a difference 
m structure between the virus nbonucleic acid and that from other sources 
DesoYjmbonudeic acid, m contrast to nbonucleic acid, appears to be mactive 
Negative results were likewise obtamed upon testmg the products of acid- and 
alkali-hydrolyzed nbonucleic acid as weU as the constituent purme and pyrimi- 
dine nucleotides and some of their hydrolysis products 

The streptolysm-formmg action of some preparations of nbonucleic acid is 
markedly and specifically mcreased by treatment with nbonuclease, the activa- 
tion, m some instances, bemg as great as ten-fold Although different prepara- 
tions of nbonucleic acid may vary considerabty m activity, after they are treated 
with crystallme ribonuclease they show approximately the same activity, mdicat- 
mg that they possess approximately equal potential capacity to mduce streptoty- 
sm formation 

On fractionation of the digestion mixture followmg the action of nbonuclease 
upon 3 '’east sodium nucleate, it is possible to isolate a polynucleotide which is 
approximately one hundred times as active as untreated yeast nucleic acid The 
active polynucleotide contains a greater proportion of purme nucleotide than is 
present m the startmg material, but its exact composition has not been de- 
termmed 

The biological significance of desoxyribonucleic acids is clearly established by 
Avers^, jNIacLeod, and jMcCarty’s demonstration (1) of the ability of desox 3 Tibo- 
nucleic acid to direct, m a specific and mhentable manner, the synthesis of 
pneumococcal pols’sacchande Although nbonucleic acid is commonly beheved 
to perform essential functions m hvmg systems, there are no instances m which 
its rfile has been clearlj’- defined Streptococci furnish, so far as we know, the only 
physiologicallj' specific test for a nbonucleic acid Further study of what may 
appear to be but a laboratory curiosity will, perhaps, provide an insight mto the 
function of nbonucleic acid, its structure, or both 
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In addition to nbonucleic acid, or a fraction thereof, at least one ntlier foM 

formation of appreciable amounts of streptolysm S in cultnl^' 

thi IS s’isent from 

t^ defined medium supplemented with polynucleotide Study of its properties 

has shown that it can be replaced by mmute amounts of maltose or by someivliat 
larger founts of glucosamme With the exception of trehalose, which is about 
one-fifth as active as maltose, other disacchandes, mcludmg the beta-glucosidic 
mmer, ceUobiose, possess less than 10 per cent of the streptolysin-fonning ae 
tmty of maltose As little maltose as M/ 64,000 can cause sigmficant streptoly- 
sin formation m the presence of about 180 times as many glucose molecules Es- 
sentially nothmg IB known of the mechanism whereby such relatively minute 
amounts of maltose exert their effect Although observations like this appear to 
take us rather far afield, they may eventually contnbute to the solution of other 
problems such as the mechanisms of formation and action of the toxin. 

The chemical nature of the streptolysins has been the subject of a number of 
investigations Both products are very labile substances of high molecular 
weight Highly purified preparations of streptolysm 0, obtamed by Smythe and 
Hams (21), Herbert and Todd (12), and ourselves (4), exhibit the properties and 
elementary composition of proteins Streptolysm 0 contains a rdatively large 
amount of sulfur which occurs either m disulfide or sulfhydryl form, and it is 
activated by substances which reduce disulfide links to sulfhydiyl groups It is 
destroyed by proteolytic enzymes, and there is little reason to doubt that strepto- 
lysm 0 is a protem Evidence of dose chemical and biological snnilanty between 
streptolysm 0 and pneumolysm is indicated by the work of vanous mvestigators 
(15, 16, 20, 11 el al) That streptolysm 0 is immunologically related to pneumo- 
lysm, tetanolysm and Clostndwm useJchu theta toxm, has been shown by Todd 
(22, 24) 

The chemical nature of streptolysm S is more obscure Herbert and Todd (13) 
fractionated filtrates of serum-broth cultures, and obtamed a product which sug 
gested that streptolysm S is, or is associated with, a lipoprotein Okamoto a^ 
co-workers (18) fractionated filtrates of nudeic acid broth cultures, and obtained 
preparations of great potency, of which the most active was largely or mcdusively 
polynudeotide m nature, and said to be free from protem Finally, we (4) have 
fractionated filtrates of defined medium cultures contammg maltose and a frac- 
tion of yeast nucleic acid, and have obtamed a veiy potent product whose pro^r 
ties suggest that streptolysm S may be a protem or a nucleoprotem Further 

work is needed , 

Havmg considered m some detail the nature of the streptolysins and 

cumstances attending their formation we may now proceed to some of 
logical properties of which by far the best known is the capacity to lyse Wood 

*”^dy of hemolysis caused by rapidly actmg toxins, 
and S as well as lytic agents from other sources, 

lanties and differences m the kmeto of the of cellular 

must m tom reflect similanties and differen^ m 

injury (3) For example, rate of hemolysis, under a particular 
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conditions, is directly proportional to concentration of lytic agent when the latter 
IS streptolysin S or any one of se\ eral other rapidly acting toxins — a result that 
would he expected if these substances function catalytically, that is, as en 2 yines 
Results entirely different from these are seen when the lytic agent is saponin, 
taurocholate, or tjwocidine, and still other results when it is streptolysm 0. 
Other studies concerned with the effect of temperature on the kmetics of hemoly- 
sis have provided an mdependent means of classifying rapidly actmg toxms, and 
have shown m addition, that these substances possess activation energies most of 
which fall within the range of those of enzymes 

Although it IS seK-evident that the substances under discussion act upon eiyth- 
rocytes m ways that lead to the liberation of the ceU contents, the nature of the 
mitial reaction and that of the sequence of events that follow are relatively ob- 
scure A partial but important exception to this statement is foimd m the discov- 
ery of MacFarlane and Knight (14) that the alpha toxm of Clostridium welchii 
specifically catalyzes the hydrol 3 ^s of lecithm This toxm is hemolytic and 
generally cytotoxic, presumably because it destroys the lecithin of cell membranes 

Analysis of the Clostridium sephcum hemolytic system (2, 3) mdicates that 
lysis IS preceded by two phases, the first of which is an irreversible alteration of 
erythrocjtes caused by the toxm This phase is specifically inhibited by anti- 
bodj’’ In the second phase, the altered cells undergo swellmg until they burst 
The second phase, which is inhibited by sucrose but not by antibody, can be 
explained as resultmg from loss of selective permeabihty, which leads to a kmd 
of osmotic hemotysis The hemolytic action of streptolysm S, although not 
studied as mtensively, shows many of the features of the Clostridium septicum 
system That of streptolj’sm 0, however, appears to be fundamentally different, 
the stage of swellmg is either lackmg or lasts for such a short time that it escapes 
observation 

It IS evident that the initial actions of streptolysins 0 and S differ fundamen- 
tally from each other and from those of certam other lytic agents The rapidly 
actmg toxins can be visualized as destroymg specifically one or another linkage 
of the hpids, proteins or complexes thereof, which comprise the surface of the 
erythrocyte Knowledge of the chemical nature of the mitial change, that is, of 
the particular linkages attacked, should help elucidate the molecular architecture 
of the red ceU membrane 

Because of the ease with which their presence can be detected usmg erythro- 
cjdes, the rapidly actmg toxms just discussed are commonly designated as hemol- 
ysins This term, however, is not altogether desirable because it unphes that 
the action of the substances under consideration is limited to blood cells As will 
now be shown, this is not the case 

Injection of partially purified preparations of streptolysm 0 mto mice causes 
a fatal toxemia Smce the mjected mice do not die of mtravascular hemolysis, 
but rather of cardiovascular and perhaps other mjunes, it is clear that cells m 
addition to those of the blood are attacked Another mdication that the action 
of streptolj'sm 0 is not limited to erythrocytes is shown bj* unpublished work of 
A Bnttis m our laboratoiy, who has found that streptolysm 0, and mdeed also 
other rapidly actmg toxms, cause in tniro the dissolution of lymphocytes prepared 
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from m^ntenc lymph nodes The findmgs suggest that many or most sub- 
stMcra that are erythrocytolytic are also lymphocytolytic 

A ^^nt approach to the action of streptolysm 0 has been provided bvstudr- 
mgife effects on the isolated heart oT the frog, washed free of blood, and filled 
mth Ringer s solution. A heart prepared m this way wfll contmue to beat 
approxmmtely 35 times each nunute for a great many hours provided it is sup- 
ph^ with oxygen It has been shown (5, 10) that a smgle administration S 
partiaUypunfied, and considerably dSuted, streptolysm 0 has httle or no apparent 
effect When, however, the first dose of streptolysm 0 is removed, and the heart 
washed twice with Rmger’s solution and then treated with a second dose of strep- 
tolysm 0 identical with the first, the heart quickly stops beatmg Application 
in a smgle dose of the total amount of streptolysm 0 given in two doses does not 
cause cardiac standstill Two doses must be used, the first dose sensitizing the 
heart to the second Sensitisation occurs because the first dose releases from the 
heart tissue (and thereby deprives it of) a substance which inhibits the tone ac 
tion of streptolysm 0 The protective substance derived from the tissue is 
removed m the perfusate when the heart is washed with Rmger’s solution This 
substance inhibits not only the systohe contracture-produemg action of strepto- 
lysm 0 but also the lethal effect for mice The inhibitory effects of the protective 
substance appear to be specifically directed against streptolysm 0 and closely 
related toxins It would be of great mterrat to know vdiat this inhibitor is but 
study of its chemical nature has been seriously hampered by the very minute 
quantities that can be convemently obtamed 
Whether the mechanism observed to operate m the frog's heart functions also 
m the mammalian heart is not certam, but there are observations which suggest 
that it does (6) Injection mto mice of a just sublethal dose of streptolysm 0 
causes the mice to become refractory to the effect of a subsequently administered 
lethal dose of the same substance The refractormess, which is not due to anti 
body, develops withm six hours and lasts less than forty , it may well depend upon 
the liberation mto the bloodstream of a toxm inhibitor similar to that released by 
the isolated frog’s heart In any event, it is notable that there exists m the 
mouse, and presumably m other mammals, an immune mechanism which is dis- 
tmet from that underlymg classical antitoxic immunity 

In conclusion, we have attempted to review some of the distmguishmg fatorcs 
of streptolysms 0 and S, beanng m mind that they represent a clas^f biolc^ 
cally active substances distmct from the better known exotoxms 
bacterial products do not constitute a field of study that is new, it is “everthd 
true that many of the most basic questions concei^g them ^ve to r 
partially answered Many of the other mem^rs of is w .cator who 

lightly explored, but enough is known to indi^te that 
studies them will not be disappointed m what he sees, for they 
varied in their effects as bacteria themselves ’ , 

» Many persona have contnbnted to the work w^oh hM Long Iilsad 

particularly indebted, for collaborative expeninen ® ^ j york U’mrer*i(J' 

College of Medicine, and m less tangible ways to his associates at iXew 
College of Medicine 
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That the spirochetes are among the neglected and forgotten children of the 
family of pathogemc microoiganisms is reflected m the meagre information avail- 
able on the biology and chemistry of these organisms It is not surpnsmg, there- 
fore, that the mech anism s of host resistance m spirochetal infections are poorly 
understood This situation is attnbutable partly to the diEBculty m cultivatmg 
pathogemc spirochetes, the chromcity of some of the spirochetoses, and the 
apparent ranty and consequent lack of mterest m certam spirochetal diseases 
m some parts of the -world Recently the abflity of physicians successfully to 
treat leptospirosis, relapsmg fever, and syphilis -with pemcilhn and other chemo- 
t erapeutic agents has, unfortunately, forced fundamental studies of these or- 
gamsms and the mechanisms of resistance mto the background It is desirable 
to ave a fundamental basis for the treatment or at least understandmg of cases 
0 t ese diseases refractory to chemotherapy Also, a study of this group of 
re atn ely rare diseases and disease-producmg agents may shed some hght on the 
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mec^isms more commoa or related diseases and organisms Hennci Im 
wisely said (74) "It is a truism of science that a study of rare and cunous eunU 
m nature often bnngs to hght general phenomena or prmciples wkdi dutIs 
®^ 8€S®rated m the rare but overlooked in the commonplace ” 

A valuable aid for the further study of antispirochetal resistance is the anslyss 
and synthesis of the available data on the subject The author, aware duo 
cntical, up-to-date survey of the matenal on spirochetal resistance, has attempted 
to prepare such a review Rigorous selection of matenal was necessary, a 
there is a great deal of published information on the mdividual spirochetose!, 
much of it in monograph form (25, 34, 78, 101, 142, 143, 150, 161, 201, 219,22a)’ 
In general the data are confined to leptospirosis-, relapsmg fevers, and Evphih 
as the major spirochetoses, but pertment facts on the other spirochetal mfeetids 
occasionally are mtroduced* Treponema pallidwn and related organisms canj- 
ing chrome granulomatous diseases are considered together with the Borrelm 
and Leptospiras which produce acute diseases The mclusion of the syphilB 
spirochete is justified by its many similanties to the other groups of spirochete, 
aside from morphology These similanties are desenbed m later secticms 

Although the histological change m the spirochetoses, parbcularly Byphib, 
may enable the pathologist to distmguish one disease from the other, descnpticn 
of the pathological picture m these diseases has been kept down to a nnnimiimni 
the renew The author considers it dangerous to use this picture aime aj 
endence upon which to base a decision as to whether a life cycle of spirochdes 
evists or as to the mechanisms of infection or host resistance In so far u 
pathological studies contnbute to the elucidation of the fundamental mecia 
nisms of pathogenesis and host resistance m the spirochetoses, an effort is made to 
incorporate them m this review 

It 13 hoped that this review will pronde a stimulus to research m antispirofliftil 
resistance fay fumishmg a survey of past research and discussion and bypoinlB^ 
out possible pathways of future mvestigation An ultenor motive, perhaps, e 
to stir up interest m the spirochetes themselves by stressing their qualities ap- 
parently unique among microbrgamsmB 


r MICBOBIC FACTORS THAT MAT INFLTXBNCE HOST BESISTANCE 

It is very difficult to divorce host from microbic factors m resistance 
Some of the host reactions may eventually be shown to be reflection 
chemical and physical charactenstics of the organisms This mte epffl 

* Unless otherwise indicated, data for Jeptospiras or leptospirosis 
Leptospira iclerohasmonhaBtae and diseases of man and animals cao^a ^ 

» The reader unacquainted with spirochetes and spnochetoses is refem 
textbook of bnctenology for a brief description of these organisms and 
aro the genera and major species of spirochetes and the diseases W ^ 

pollidum-syphilis, Treponema cumcuh-rabbit venereal *jes3« 

tenu«-yaw8, Leptospira teterohaemorrhagiae-iaSeetiona jaundice “ ' 

and animals, Leptospira coniMla-leptospirosis in dogs and mw, 
and recurrent*, Afncan, Amenoan and European relapsing fevers, 

Qorrelta ansennnm — avian spirochetosis 
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has been well axpressed by the eminent French unmvmologist, Bordet “Im- 
munity IS the orgamsm’s virulence to the microbe, ]ust as ^ irulence is the mic- 
robe’s immuni ty to the orgamsm ” 

A Morphology and life cycle 

The manner m which morphologj’’ of spirochetes maj’’ affect phagocytosis of 
the orgamsms is discussed m section II D 

Stnkmg morphologic changes m spirochetes, presumabty due to the action of 
agglutmatmg or lytic antibodies, ha\ e been obsen'ed m the course of natural and 
expenmental infections or m vitro upon contact of orgamsms and specific anti- 
bodies (18, 62, 78, 85, 101, 106, 219) The orgamsms tend to become agglomer- 
ated, lose their motihty, and appear granular These alterations in morphologj’^ 
have been associated with a reduction or loss m \nrulence of the orgamsms (18) 
Agglutmation and granulation of spirochetes may occur also m degeneratmg 
cultures m the absence of antibodies (185, 208, 219) The granules appearmg 
spontaneously tn vitro have sometimes been considered not to be the result of 
degeneration but homologous to bactenal spores, pro\u(hng a means of mam- 
taimng life under adverse emnronmental conditions (78, 131, 208, 219) Re- 
cently, mvestigators usmg the electron rmcroscope have obsen’ed spheroidal 
bodies at the sides of mtact T pallidum and have called them asexual repro- 
ductive bodies (146) Sumlar bodies have not been seen in electron imcroscope 
studies of Leptospira (141) or Borreha (122) Other workers have desenbed 
tn vivo experiments which may be explamed by the postulation of a granular or 
infra-visible stage m a spirochetal life cycle (78, 131, 219, 230) Stiff others be- 
lieve that Borrehas may have a developmental hfe cycle m their vectors, bee and 
ticks (190), mcludmg an infra-visible granular form However, despite the 
impressive array of scientists supportmg a granular form as part of a hfe cycle 
(78, 219), the evidence for such a stage or life cycle is not altogether persuasive 
This IS regrettable as this mterpretation, if correct, might aid m the understand- 
mg of emgmatic aspects of latency, penodicity, and antibody and drug-fastness 
m spirochetal infections 

B Electrokineiic potential* 

Most bacteria possess a negative electrokmetic potential at or near pH 7 
(1, 48) However, there is no general agreement on the sign of the surface po- 
tential of pathogemc spirochetes (56) Part of the confusion undoubtedly has 
ansen from the lack of standardization of techmque, age and dissociative state 

0 orgamsms, the growth and suspendmg mediums m determination of the po- 
^tial Khgler and Aschner (98) stated that as a rule spirochetes and protozoa 

lea positive charge at the pH of blood m contradistmction to bacteria which 
are generally negatn ely charged at this pH (1, 48) H substantiated, this is a 

1 ery basic distmction, as it would implj’- a fundamental difference m the chemical 
composition of at least the surface of the spirochetal or protozoan cell as com- 
pared with that of the bactenal cell 

Also termed zeta or surface potential, or, loosely, electric charge 
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Kbgler and Awhner (98) reported, on the basis of cataphoretic studies (hat 

mn (206) found te organism to be positively charged in respect to dilute 
rabbit serum m which they were grown Other authora have claimed that Lepto- 
spira 13 negatively charged (56) Brown and Broom (14) studied the effect of 
negatively charged coUoids on Leptospira in the presence of immune and normal 
^mms They observed that the negatively charged spirochetes adhered to 
bactena when treated with specific immune serum contammg complement 
Adhesion did not occur in the presence of normal serum Negatively charged 
colloids could replace the bactena, and when the colloid was, for instance, n 
copper sol, the orgamsms were killed 
Similar divergent observations as regards surface potential are recorded for 
Borreha and Treponema (56) Culwick and Fanbaim (42) claim that Bomha 
recurrentia may have “electncal variants" so that some strains are positive!}, 
others negatively charged However, their techmque for determmmg the sur 
face potential is open to criticism They examined stamed 61ms of infected 
blood and recorded the percentages of spirochetes adhering to red blood cells and 
the percentage not sticking Presumably the spirochetes which adhered to the 
negatively charged erythroc 3 des were positively charged, those which did not 
were negatively charged However, m careful cataphoretic expenmenfs with 
vanous strains of trypanosomes, Brown and Broom (15) found that some of them 
earned positive and others negative charges With the same stram a change in 
charge was observed after relapse and after treatment with arsemcals (16) 

In section II B the possible relationship of zeta potential to abihty of organ 
isms to pass through the walls of the cerebral blood vessels and the significance 
of thus observation are discussed The possible influence of electrokmetic po- 
tential on the phsgocytabihty of spirochetes is considered m section II D 

C MolUtty and sedimentabtliiy 

Motihty and sedimentabihty of spirochetes may influence the process of phago- 
cytosis of the organisms by host cells The pomt is taken up in section II D 

D CuUivalton and preservalton 

Of the three genera of pathogenic spirochetes, the Leptospira are the most 
readily cultivated m mtro (208) Borreha is very difficult to cultivate in imb^ 
culture and cannot consistently be maintamed in senal passage Although tnerc 
are many so-caUed culture strains of T paUidum, it is doubtful 
strains of the organism have ever been cultured successfully m m ro (63 
L Mamorrhagtae (140) and Borreha (152) ^ave been grown 
virulence m the chick embrjm Wile and Snow (231) have mported c^®^^ 
suggestive of proliferation of T paUvlum m the embryo, 
nofconcluBive T pdUum has not been grow m “ 
often successful for the growth of organisms which are not cultivabl 


media 

All 


‘of the ^ediu^whititae proved soW.oto,7forth, 
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genic spiroclietes have contained native animal protem in the form of blood, 
semm or ascitic fluid (99, 101, 147, 150, 208, 219) MTiether the protem acts 
cheimcally as a nutnent or phj^icalty as a protective colloid against noxious sub- 
stances IS unknoivn It is known that soaps on glassware are rapidly lethal to 
Leptospira (194) The protem may protect the organisms against fatty acids 
as albumin protects tubercle bacilh and other mycobactena from harmful fatty 
acids m culture (49) Leptospira and Borreha are obhgatory aerobes (150, 
208) 

Chang (30) has recently found that the \Trulence ofL icterohacmorrhagiae may 
be preserv’-ed %n vitro if a small amount of emulsion of fresh gumea pig hver is 
added to the medium The mechamsm of this effect is unknown 

The pathogemcity and parasitic abihty of spirochetes ma}’’ be correlated par- 
tially with their cultivabihty and growth requirements tn vitro T ‘palhdum 
which multiphes with great difficulty or not at all in vitro or in the chick embryo, 
IS a typical tissue parasite which produces chrome manifestations sumlar to those 
of tuberculosis Borreha is prmcipally a blood parasite, whereas Leptospira m- 
vades both blood and the tissues Recent studies mdicate that the hemoglobm 
or hematm of red blood cells is necessaiy or helpful for the cultivation of Lepto- 
spira (31, 163, 177, 185) and certam species of Borreha (99) This reqmrement 
might explam m part the affinity of these orgamsms for the blood stream of the 
host The greater propensity for multiphcation imght enable the Leptospira 
and Borreha to proliferate more rapidly tn vivo and to produce a more acute m- 
fection Such an infection might evoke a more acute host reaction and hence a 


more prompt tenmnation, fatal or otherwise The more fastidious growth re- 
quirements of T pallidum probably restnet its growth m vivo, resultmg m a more 
lesisurely development of the infection and consequently of host reaction to it 
Levaditi and Vaisman (116) found that mtratesticular mjection mto rabbits 
of T palhdum suspended m carbon enhanced growth of the organisms as com- 
pared to mjection of organisms alone Presumably the granuloma produced 
by the carbon provided a favorable medium for growth of the spirochetes Ches- 
ney and Kemp (35) found that a non-specific inflamm atory reaction mduced by 
trauma or coal tar and mvolvmg the skm and subcutaneous tissue fostered the 
imtiation and development of a primary syphihtic lesion m the rabbit The 
most favorable time for moculation of a wound was when it was granulatmg mcely 
and was well on its way to healmg The authors also described experiments by 
va ti and Yamanouchi (118) on growth of the spirochete m inflam ed rabbit 
ej es and postulated that the inflammatorj’’ exudate furnished an mcreased food 
supply for the organisms Chesney and Kemp, therefore assumed that the sub- 
stances ( trephones” (29)) present which stimulate the growth of fixed connec- 
n e issue cells and the abundance of nutrients for new cell growth might also 
avor sunuval and growth of the Treponema Such an hypothesis is m close 
apement with the suggestion of Theobald Smith (183a) that the syphilis spiro- 
c ete exerts a metabohe activity so close to that of the host that the latter reacts 
s on 1\^ and shghtly to infection Whether this means that the orgamsm is 
m racellular at some time durmg its residence m the host or whether it may de- 
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nve Its sustenance extraceUularly remains to be determined In either eve-t 
the close association of spirochetes and actively prohferatmg cells fini soroeccc 
Ration m that the sites where the oi^anisms are extremely nmneroit ^ichy 
the testicle of the rabbit and the organs of the human syphihtic fetih are sk 
centers of active host cell growth (35) ' 

The rfile of the inflammatoiy reaction m enhancmg infection hr furnLhimi 
site wherem the spirochetes settle preferentially from blood and Imphiniitiii 
be considered (137) 

It IS mterestmg that T pallidum despite its fastidious growth requiremm!. 
will survive for months or possibly years m the animal host (66, 193) Perhipb 
this organism possesses the same faculty as the human tubmle hacilhb (121) 
under adverse nutntional conditions of reducmg its metabobsm to a low 1ml 
with the retention of respiratoiy and proliferative capacities. 

T pallidum rapidly succumbs to di^g outside the body (66) Even drraiE 
from the frozen state thus far has been unsuccessful for preservation of tk*? 
organisms (217), of Leptospira (189), and of T pertenue (217) 


E Metabolism 


Knowledge of the biochemical and metabohc characteristics of pathogiiw 
spirochetes is very meager, particularly as providmg a basis for identifyffiEni 
lous species, distmguishmg virulent from avirulent strains, developing syatktK 
mediums, or e.vplaimng factors m resistance This may be attnbuted to tit 
difficulty m cultivatmg and countmg spirochetes and m obtaining sufficieat con- 
bers of them for metabohc studies A few observations on spirochetal melik- 
bsm are summanzed here. Further data, mcludmg a descnption of a paitsSr 
successful synthetic medium for Leptispira (177), may be found m referc® 


(30, 31, 70, 163, 172, 176, 177, 195) 

Noguchi (149) reported that addition of carbohydrates to the medrainlu<iw 
effect on the growth or morphology of L icterohaemorrhagiae BecentlvCt^ 
(31) found that this organism did not utihze the simple sugars provided i 
probably subsisted on protems or ammo acids He was unable to deted say 
consumption of oxygen by large numbers of leptospmas during a period of^^^ 
hours m the Warbuig apparatus Supmewsfci and Hano (195) observfo 
Leptospira utdizes L-arabmose but no other pentoses, it hydrolyzes P 
and glucose and to a smaller e.xtent fructose and mannose It breaks down ^ 
but not unc or lactic acid Scheff (196) made observations on 
reniis and Borreha ansmnum He found that when these organisrns ^ 
in a medium containing glucose, they broke down the sugar to ^ 

L .smg up aur of the o^gou Feuyreosy uud SobeS (54) ™>de 
studies of the metabolism of Borreha and species of tOTanosom 
served that Borreha apparently did not use molecular 
their chief energy from sugar fermentation, whereas tiypanosom 
and obtained energy from o^dation of sugar ^ ^ 

There are some data m the hteratuie on 
and imcrobial nutnbon, which foster the growth of L idcroh 
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L camcola Space is not available here for presentation of these data Hon - 
ever, it is of mterest to note that many of the same vitamms which are grovrth- 
promotmg factors for other microorgamsms (ascorbic, mcotmic and pimehc acids, 
biotm, thiamme, calcium pantothenate, para-aminobenzoic acid, pjTidoxme, 
mcotimc acid amide, nbofla\nn) also enhance the growidi of Leptospira (31, 172, 
176) These results mdicate that en 23 Tne sj’stems similar to those in other micro- 
orgamsms probably operate m Leptospira Unfortunately, there are no com- 
parable data on the spirochetes which are more difiBcult to cultivate in vitro 

F Antigenicity and chemical composition 

Early work mdicated that serological cross-reactions could be obtamed be- 
tween spirochetes and trjTianosomes but not between spirochetes and bactena 
(46) In view of the significance of these findmgs m suggestmg an antigemc 
relationship betw^een spirochetes and trypanosomes, they should be confirmed by 
means of more accurate and refined modem immunological methods 
Spirochetes are generally considered to be gram negative m tinctonal properties 
(150, 20S, 219) It has been suggested (208) that they stain poorly with meth- 
ylene blue because of a lack of nucleoprotein m their protoplasm, but abihty to 
stam with methylene blue is not defimte evidence that an orga nism contains 
nucleic acid Mudd (144) has found endence that cultured spirochetes of the 
genus Treponema have surfaces whose wettmg properties are suggestive of a high 
hpid content Sensitization of these organisms with homologous immune serum 
results m an altered surface whose wettmg properties are like those of protem 
Leptospira Among spirochetes, Leptospira perhaps resembles the bactena 
most closely m antigemc and possibly chemical properties Following mocula- 
tion of killed or hve organisms or durmg natural infection agglutmatmg, lytic, 
compIemenLfixmg and protective antibodies are produced m high concentration 
(110, 219) These antibodies may persist m detectable titer for long penods of 
time, up to many years, m the blood of mnn and animals (110, 219) The im- 
mumty they engender is of correspondmgly high quahty and long duration (219) 
The antibodies are often highly specific, so that failure to obtam a demonstrable 
serological reaction against one antigen is not conclusive evidence of absence of 
infection with an orgamsm containmg another antigen (219) 

There are different antigemc strains of L icterohaemorrhagiae (66, 219) The 
specific antigens have not, however, been isolated The only substance isolated 
m some reasonable degree of punty from spirochetes is a specific soluble carbo- 
hj’^drate from the non-pathogemc saprophytic L bijlexa (79) This carbohydrate, 
hke the type-specific pneumococcal carbohydrate haptens, did not give rise to 
antibodies upon mjection but was precipitated by rabbit antiserums to the 
homologous stram, though not by antiserums to pathogemc strains of L ictero- 
hacmorrhagiae (79) Whether similar carbohydrate haptens exist m pathogemc 
^ptospira is unknown The author (185) has immumzed gumea pigs against 
atal leptospirosis by repeated mjections of cell-free supernatant from leptospiral 
cu tures, this suggests that there is a soluble protective antigen m cultures of 
icterohaemorrhagiae Hollande (83) has shown by the effect on tmctonal 
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m cells of this organu^ Car- 
«n,l ^ present^ serological evidence for the presence in Leptopira 

d in W^rmann beef-heart antigen of a common alcohol-soluble^paLl 
^igen This IS not surprising as hpid antigens of the Wassermann typ^ bare 
be^ found in a number of bacterial, plant and animal tissues (108, 22G) 
Borrelta. The pathogenic Borreha induce the formation of lytic, agglutmatmc 
complement-fixmg and protective antibodies upon mtroduction mto a suitable 
host (147) These antibodies are produced m high titer and apparentU are 
closely connected with the mechanism of effective host resistance to infection 
There are no data available on the chemical composition of the relapsing feier 
spirochetes 

Treponema The greatest chemical and antigemc non-conformist among the 
spirochetes is T pallidum This or^msm may unobtrusively enter the body 
causing httle i n flammatory reaction (55, 133, 137) and, m fact, may evoke no 
histological response by the host during its residence m the body during a period 
of months or years (34) Pecuhar antibodies termed “reagms” are eventually 
produced by the host in response to infection (43, 208, 226) These “reagms” 
yield flocculation, precipitation, and complement-fixation reactions with spiro- 
chetal or tissue antigens Avirulent culture strains of T palhdum mduce nnti 
bodies which give agglutination and spirocheticidal reactions in mtro with awru 
lent but not with virulent strains of the organism (239) There is growing en 
deuce that protective antibodies are produced very slowly and m low concentra 
tion m the counse of experimental or natural syphihs (18, 39, 212, 216) 

T paUtdum and possibly other pathogemc treponemas (218) possess n Wasscr 
mann-type hpid hapten which is “exceptional among serologicall} aotii e ms 
tenals on account of its widespread distnbution, surpassing m this respect eicn 
the Forssman antigens ” (108) This ubiquitous hapten is found in proteos 
bacilh, Leptospira, trypanosomes, tubercle baedh, plants, milk, egg } oik, and 
in normal tissues of man and animals* Bergel (9) has shown that T pallidm 
contams a great deal of hpid m the cell membrane He beheves (9) that chemo- 
tactically this hpid produces a lymphocydac reaction which m turn, via lipolysis, 
leads to dismtegration of the spirochetes He considers the “reagms” or anti 
hpoids as products of hpolytic lymphocytes which appear as reaction agaiDit the 

hpid antigens . 

That there are heterologous antigemc strams of T pallidum is suggest^ by t 
relatively specific character of the resistance of rabbits to reinfection (38) m 
resistance against the homologous stram of organism originally employed for 
moculation usually is greater than against heterologous strains (38) 

Turner and his co-workers (218), by cross immumty studies of 
syphihs, yaws, and venereal spirochetosis of rabbits, have 
dicate that the treponemas causmg these infection are bio opm y ^ 
aUy related Rabbits infected by mtiatesticular mjection of T pom , 

• For further information on the Wassermann ^tigen and (S 

false imtwe serologic reactions m sj-phihs, the reader is referred to two recent 

226) 
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T pcTtenue, or T ciinicuh developed ■wnthin 6 months a substantial amount of 
cross immumty to challenge mtracutaneous mjection of each of the same species 
of spirochetes 

G Toxins and aggressive substances 

Sanarelh and Pergher (175) behe\e that spirochetes do not themselves pro- 
duce pathological changes but onlj’’ render the host more susceptible to damage 
by secondary mvaders The observations of Zai agh (234) that dead cultures of 
L -icterohaemorrhagiae mcrease the sevent}’’ of Trypanosoma hrucci infection m 
mice while dead bactena had no effect support the supposition of Sanarelh and 
Pergher However, Taylor and Goyle (204) and Sta\utsk 5 ’' (185) cultured organs 
of guinea pigs experunentaU}' infected with leptospuas and isolated onl 3 ’- the 
spirochetes, except when the organs were cultured manj' hours after death and 
were consequently contaminated with mtestmal bactena When paratj'phoid 
bacilh or streptococci were mtroduced mto gmnea pigs approximatelj’" at the 
height of leptospiral infection, these orgamsms either did not affect the course of 
the spirochetosis, or the new infection supplanted the old, onlj’’ the bacilh or 
cocci hemg present m the organs at necropsy (185) 

Leptospira Pettit (157) gave gumea pigs up to 10 ml of filtrates of cultures of 
L icterohaemorrhagiae with no ill effects Fukushima and Hosoya (61) found sub- 
stances toxic for guinea pigs in cultures of these spuochetes which, hanng been 
maintamed under anaerobic conditions, contamed dead and dissolved orgamsms 
Higuchi (76) also demonstrated a toxm m pure cultures of leptospuas which had 
been kept at 37 C in lacuo for 2 to 3 days Injection of this toxic matenal mto 
gumea pigs produced an mcrease m the bihrubm of the blood, hyperemia of the 
bulbar conjimctiva, and fever (76) Howei er, attempts to confirm these studies 
were negative (186) Further efforts to demonstrate toxm m various cultures or 
tissue extracts from infected arnmnls -were unequivocally negative Staxutsky’s 
experiments (186), although not excludmg the existence of a spuochetal toxm, 
make it unlik ely that it is a potent exotoxm such as is produced by Corynehac- 
tennm diphthenae, or a stable endotoxm such as can be extracted from cultures of 
Vibrio comma The toxm or toxic antigen of L icterohaemorrhagiae may be ex- 
tremely labile and rapidlj’’ destroyed m the presence of the chemical and physical 
agents used m preparmg the test spuochetal extracts 

Attempts to demonstrate hyaluromdase (50), fibrmolysm, leukocidm or coagu- 
lase m leptospiral extracts were negative (185) As far as is known no attempts 
have been made to demonstrate these enz 5 rmes m other spuochetes 

Borreha Ho clear-cut demonstration of a toxm from borrehas has been found 
m the hterature 

Treponema pallidum Brown and Pearce (19) consider the possibifity of a 
toxm as a factor which is distmct from the spuochetes m excitmg mfeebon 
Thej’’ beheve certam features of the s^Tilnhtic reaction may find theu explana- 
tion m the action of a toxm However, Kohner (104) could not demonstrate 
filtrable or soluble exogenous toxins m cultures of spuochetes alleged to be T 
pallidum but avuulent for rabbits, or m filtrates of the tissues of acute testicular 
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B Tropisms 

1 Chemotropism (chemotaxis) The apparent lack of chemotropic properties 
in pathogenic spirochetes is discussed m section II D 

2 Histo- and organo-tropisms The concept of selective affinity of infectious 
agents for specific organs, tissues or even cells where they find conditions favor- 
able for survival and proliferation has been strengthened considerably by recent 
studies on these tropisms of vmises (224) 

Leptospira L tcteroftaemnrrAojfiae appears to have an affinity for the hver in 
experimental mfection of the gmnea pig Withm 7 hours after mjection into 
this animal the organisms may be recovered from the hver (25) The extensive 
damage done to the hver m leptospirosis (219) is further evidence of some special 
suitabihty of this organ for multiphcation of the spirochetes In this connection, 
the finding that virulence of Leptospira may be mamtained in ntro if a small 
amount of emulsion of fresh gmnea pig hver is added to the medium (30) is in 
terestmg Experimental and cluucal observations have suggested that strains 
of this organism may locahze m the menmges m the course of infection (158, 
210) However, attempts to develop a “memngotropic” strain of L ictcrohamor~ 
rhoffiae by repeated subdural passage m gmnea pigs were unsuccessful (18C) 
Other aflfinitira of these organisms for the eye (186, 187, 219), adrenals (186, 219), 
bone marrow (47, 186), and kidney (219) require further study 
Borrelta There is considerable matenal m the hterature on latent infection 


of the bram of experimental animals with these spirochetes (26, 143) Whether 
this represents a true tropism is not known It is known that certaui species of 
these organisms may pass through the blood-brain bamer (26, 60) 

Treponema. There has been much research on the question of neurotropic 
strains of T pdhdum (114, 193) This work has given nse to the postulate (193) 
that prolonged residence m a particular tissue mduces permanent changes in this 
orgamsm Thus, sojourn m the mouse bram may prepare the spirochete for the 
development of a neurotropic reaction m the rabbit (193) Presumably the 
pronounced neurotropic tendencies often manifested by T pallidum in man (114, 
193) are attributable to infection with or development of a neurotropi^ram o 
the orgamsm T perlenue, causative agent of yaws, is often conadered a van 
ant of T pallidum which, by residence m the negro, has developed dermo ropic 
afifimties (155) Bessemans (11) found that low temperature m 
the multiphcation of T paUtdum m experimental syphilis The 
parently settle in those tissues which have lower temperatures, such 


1 Spirochetal vanaiion 

This IS certamly one of the most important ph^ 
influences aU aspects of spirochetal beha^or and, ,,nous 

resistance m these diseases Braun (13) and Luna (126) have dacm^ 
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phases of bactenal dissociation or i anation These discussions have proved use- 
ful for providing at least a tentative understanding of the possible mechanisms 
of spirochetal vanation In the absence of significant information on spiro- 
chetes, therefore, we shall haie to relj’’ upon reasomng by analog}’, alva 3 ’s a 
hazardous procedure, m the attempt to imderstand spirochetal antigenic i ana- 
tion 


1 Antigemc vanation The data on antigemc vanation among spirochetes 
are most complete for the borrehas (143, 147, ISO) The generally accepted 
facta of the phenomenon of antigemc i anation of borrehas and the apparently 
related chmcal relapses are presented m Section II G Whether these antigemc 
vanations are spontaneous, that is occumng contmuously at a certain rate re- 
gardless of whether the organisms are m contact with specific antibodies or sub- 
strate, or are mduced by contact of orgamsms vith specific antibodies or sub- 
strate, IS not known In the first case the antibodj’ acts merel}’ to select the new 
vanant, permittmg it to outgrow the ongmal normal form In the second case 
the antibodj’ itself mduces the vanation resultmg m adaptation In analogous 
cases m bactena the new ^ anant has appeared mdependentlj’ of the substrate 
to which it was adapted Resistance to pemcilhn of Staphylococcus aureus (44), 
resistance to phage of Eschcnchia coh (125), and the requirement for uracil by 
clostndia (174) have been found to occur spontaneous!}’, independently of the 
enTOonmental agent 


2 Yanations m •nrulence There are strams of spirochetes of different de- 
grees of virulence (63, 143, 219) As with other microorganisms, \Trulence is 
gradually lost upon cultivation tn vitro and often regamed upon animal passage 
exception is the maintenance of virulence by L icferohaemorrhagiae m vitro 
^ amount of emulsion of fresh gumea pig h^ er is added to the medium 

( ) e basis for the vanation m virulence is obscure Many factors, such 

as Mtigemc vanation, vanation m chermcal composition, and possibly vanations 
m e ma^^de or sign of the electrokmetic potential may be mvolved The 
1 ence 0 e organisms may influence the development of the earner state or 
re apses y e host If the organisms are virulent, they may stimulate the de- 
ensive responses of the host and conduce to a more sohd immumty or else over- 
r 6 0 ^ s defenses and kiU the animal (97) Thus mildly nrulent strams 
Lep osptm ead to relapses (5), whereas virulent strams rarely do 
, ' ^ g observation is that syphihtic orgamsms from rapidly growmg 

1 rise to more rapidly growmg chancres with a 

I ^ Q\ ^ normal rabbits than do spirochetes from slowly grow- 
th n ^ ''whether this effect depends on the alteration of 

nr Potential for proliferation m viio or on the carrj’-over of nutnents 

or protective colloids with the chancre matenal 

IS (218) beheve that stabihty rather than vanabflity 

1 annntc Hn ^ ^ e With regard to pathogemc properties of treponemas If 

their survive nreSroabir*' 

A anations m susceptibibty to drugs and antibodies These variations are 
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,n ^ ’ i ’ ? related to vanations 

or (including enzyme ^sterns), so that drags 

or antibodies caimot be adsorbed at certain of the “active centers” (162) ofth^ 
orgamsms and, therefore, cannot accomplish their effects 

n HOST PACTORS THAT MAT INFLUENCE HOST BESISTANCE 

A Naiural resistance 

The separation between natural and acquired resistance is artificial and arbi 
traiy, as these properties are obviously interdependent This point is particu 
larly well clarified in Rich's recent monograph on the pathogenesis of tuberculosis 
(168) F or example, the apparent greater resistance to an infection of older com- 

pared to younger mdividuals may be simply the consequence of prompter and 
greater antibody production by the elder animals (6) On the other hand, the 
abihty of the rabbit by raising its body temperature to resist infection with pneu 
mococcus III (170) seems to be an unquestionable example of natural resistance 
It 18 , therefore, imperative that the basic mechanisms involved be understood 
before native and acquired resistance can be separated rationally 
Lepiosptrom Apparently there is no complete natural resistance to lepto- 
spirosis in man and animals (219, 225) Sex differences m resistance hare not 
been demonstrated An mcrease in resistance with mcreased age has been shown 
m the gumea pig (185, 192), white mouse (109), dog (219, 232), and rabbit 
(21 9) Species resistance to the disease is generally recogmzed in the rat, mouse, 
rabbit and dog (219, 225) Symptomless infection is particularly common in 
these species There are also differences m resistance of vanous genera of mice 
of which the deer mouse (Peromyscus) is most susceptible (154) Within lanous 
species, moreover, there appear to be stram differences m resistance which have 
been most clearly defined among strains of w'hite laboratory mice which laiy 
from extreme susceptibihty (109) to great resistance (71, 188) The guinea pig 
and hamster are the species of laboratory animals most susceptible to lepfospirol 
infection (113, 186) There are mdindual differences m susceptibility to this 
infection among animals of the same species (185, 219) However, it is difficult 
to exclude inapparent or past infection and the consequent production of some 
active unmumty m these mdividjhals Moreover, few strains of laboratory m- 
mflls are genetically homozygous, and it is probable that these mdividual ^ 
ences m response to infection ire merely expressions of genetic strain difleren 

^ There have been a few studies of the mechanisms of age and species resistance 
m leptospirosis Some of the kta are mcluded m the following sections b, b, 
and D Here only the most redent data are given to 

Higuchi (75) attnbuted the ^eat resistance of rats to 
strong antibody formation andjdestmction of 

He found that rats were easily i^ected, but their normal and 

sky (187) studied penpheral bimers, non-specific cells 

Siune whole blood and serum, l[ell-free inflammatory fluid an 
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m old and young, normal and immune animals of resistant and susceptible species 
wbich vrere mjected vath Leptospira (1S7) In all groups only Ijdic antibodies 
exerted a sigmficant effect on the orgamsms in intro or in vivo The orgamsms 
did not appear to damage the tissues of rats and mice as much as those of gumea 
pigs and hamsters (185) Although these strains of rats and mice rarely suc- 
cumbed to the infection, the ease of mA asion and spread of the spirochetes m 
these hosts, the findmgs of hemorrhagic pulmonary lesions, and the development 
of a earner state (185, 186, 187, 219) mdheated that resistance of these species to 
infection is relative rather than absolute In men of the importance of anti- 
bodies m resistance to this disease, it n as suggested (187) that larger numbers of 
ammnls be studied to determine the comparative abihtj’’ of young and old anunals 
and susceptible and resistant species to form antibodies against the spirochete 
Relapsing fever Relapsmg fever apparentlj’' is primarily a disease of lower 
animals, its occurrence m man is accidental (143, 147) The disease does not 
seem to make distmctions as to age, sex, color or social status of man (143, 208) 
All animals except apes, rabbits, gumea pigs, mice, and rats are considered na- 
turallj’’ resistant (143, 147, 208) 

There are some data on the relationship between age and resistance to relaps- 
ing fever (147, 156) In 95% of old mice moculated v ith a stram of Borrelia, 
orgamsms were m the hlood m 3 to 10 days, while of young animals 64% showed 
no infection, 24% hght infection and 12% medium infection (147a) In the 
younger animals the infections were never senous or fatal and the penod of 
incubation was 1 8 days shorter On the other hand, an mcreased resistance to 
Borreha of gumea pigs with mcreasmg age has been shown (69) Interestmg 
studies have been made of the comparative susceptibihtj’’ of the chick embryo, 
the chick, and the adult bird to infection with Borreha diiUoni (152) The em- 
brjm was susceptible but the newly hatched chick and adult bird were not Some 
inoculated embryos harbored orgamsms after hatchmg but these were disposed 
of by the rapidly developmg defensive mechamsm of the hatched bird The 
circulatmg blood was ehmmated as a basis for the natural immunity of the chick 
when phagocj’tosis and spirocheticidal effects of serum and by cells of whole 
blood of embryo or chick could not be shown 
There are species differences m response to relapsmg fever spirochetes although 
relapses are common m many species (78, 143, 209) However httle is known of 
the basis for these differences 

Syphilis Syphihs is naturally acquired only by man (34) The hypothesis 
of early South American explorers that sjTihilis existed m llamas there and that 
infection was originally acquired by natives from these animals has not been sub- 
stantiated (34) South Amencan workers (87) reported the successful reproduc- 
tion m llamas of all of the essential features of human syphihs, but Zinsser (236) 
states that this work has never been supported by subsequent mvestigation 
Monkej s and rabbits can be infected and the organism transmitted mdefimtely 
in them (34) Other species are more or less resistant to frank infection (34) 
Rats and mice, for instance, mvanably develop an asymptomatic infection m 
which the spirochetes invade the tissues without the production of lesions or 
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chmcal of illness (66, 208) Most other species, though occasionalh rc 
(3 ) E^enmental infection in monkeys and man corresponds ^ on' clS\ to 

natural huma^ infection ( 208 ) In rabbits many of the lemons seen in huL m 

ection are often dupheated (208) The organisms may remam latent in the 
^^ph nodes (22) or m one or more of the mtemal organs (184) A posit i\c 
Wa^rmann reaction is usuaUy produced (34) Late lemons are not produced 
in the monkey and rabbit (34) 

Rosahn (171) has presented evidence for breed, race or family rcastance (o 
syphilis in rabbits In studies of the reaction of standard breeds of rabbits to 
experimental 6}'phih3, he found that Havana and Dutch animals were relatn cly 
resistant whereas English, Himalayan and Rex rabbits were relatively susceptible 
Frazier and Mu (57) found albmo rabbits less resistant than brown rabbits 
Brown and Pearce (20) obtamed poor results with scrotal moculation of Belgian 
and Flemish giants while small albmos, grays, browns and Dutch belts gni c aatis- 
factory results In general the "higher” apes such as the chimpanzee react more 
like man to infection (34, 208) whereas m “lower” apes hke macaques the di'easc 
IS less easily produced and on the whole milder (34) 

Age appears to be a factor in experimental rabbit syphilis (33) Inoculation 
apparently produces lesions more often m younger rabbits (33, 34, 184) Sexual 
differences m misceptibihty to syphihs are particularly outstanding m man and 
animals (156) The female exhibits a markedly greater resistance than the male 
(156) Unquestionably, this exalted resistance is somehow related to the effects 
of the female sex hormones, the estrogens, as will be elaborated in a later section 
There appear to be no naturally immime mdividuals among man or susceptible 
species of animals, although there are mdividual human, monkey, and rabbit 
reactions to infection 

Although the mechanisms of natural resistance to T paMum ha.\c not been 
studied extensively, there are suggestive data on the mfluence of physical con 
stitution of rabbits on their resistance (23) In these experiments rabbits were 
subjected to varymg forms of hght It was found that the hght mcreasd re 
sistance to infection m proportion as it affected the physical constitution o nor 
mal rabbits, and the organa most affected were those concerned m thcanima s 
reaction to syphihtic mfection. Zinsser and Hopkins (237), studying t c 
niHTTi of natural resistance of mice against T faUtdum, could n^ e cc p la 
cytosis of the organism m the pentoneal cavity of thm s^cira 
therefore, that phagocytosis is not primarily responsible for the mark 

of this host 

B Peripheral barriers of portals to infection 
The first reaction of the host is usually an attempt to 

atthesiteofeutranceintothebody(166) to the 

how effectively spirochetes are localized at the venous po 

"K. of th, p.fl.ogon,c Uochoteo app«r to p.v.d. the bodr n.P* 
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obtrusively by most portals of entrj’’ (85, 147, 150, 208, 219) This may m 
part be due to their rapid motihty which is most readily obsen^ed in mtro The 
apparent bormg of the a\aan spirochete mto macrophages m tissue culture (77) 
supports this suggestion T pallidum has been known to bore through a sohd 
medium, and Borreha recurrently through a semi-sohd one (150) The bonng 
of Leptospira through agar has been compared aptly to ‘the gyrmg and gimbling 
of Lewis Carroll’s shthy toves ’ 

Leptospira In the gumea pig and hamster Leptospira mvades the body 
quicldy after mjection by penpheral routes mcluding cutaneous, menmgeal, 
mtrapentoneal, mtraanal, mtraiagmal, conjunctival and intraocular (85, 186, 
187, 221) They may enter the human body through intact skm (85, 150) 
Schuffner (178) has taken advantage of the great mvasiveness of these orgamsms 
to devise a method for separatmg them from contaminants The contaminated 
spirochetal suspension is moculated mtrapentoneally mto a gumea pig and 10 
minutes later the animal is bled from the heart Invariably the spirochetes 
may be isolated from this blood It also has been shown by extirpation of the 
injection site (186) that 5 mmutes after mtradennal injection of these orgamsms 
into gumea pigs, enough have left the area of injection to cause death of the 
animal Only mtact skm and nasal mucous membrane seemed to afford an 
effective barrier to invasion of the body of the gumea pig (187) The oral route 
was not as effective as the other penpheral routes (187), probabty due to de- 
struction of the orgamsms by gastnc juice (208) 

Smce “every mtradennal mjection is trul}’’ mtralymphatic” (136) the spuo- 
chetes probably escaped from the site of mtradennal mjection through the super- 
ficial hunphatics Attempts to demonstrate fibnnolysms and “spreadmg factor” 
(50) m filtrates and autolysates of leptospiral cultures were unsuccessful (185) 
It was, therefore, suggested (186, 187) that the great speed with which the or- 
gamsms revoh e m cork-screw fashion enables them to bore through connective 
tissue as n eU as fibrmous networks and other locahzmg burners erected by the 
host (185, 186, 187) The orgamsms n ere not locahzed at the site of mtrader- 
mal moculation (186, 187) Nor could they be isolated from regional lymph 
nodes after penpheral injection (186, 187), suggestmg that they pass rapidly 
through these structures mto the blood, few of them bemg trapped m the nodes 
The eye is a particularly favorable portal of entry to the body as the organisms 
appear to multiply abundantly there (186) 

When mjected mto the dermis, leptospiras produced a verj’' mild inflammatoiy 
reaction there dunng the first 24 hours after mjection as mdicated by histological 
studies and by the free diffusion to the tnbutarj’- Ijunphatics of trypan blue (137) 
inoculated mto the area (187) When mjected mtrapentoneally, mtraocularly 
and mtramenmgeally, they produced progressivelj’’ more mtense inflammatory 
reaction and correspondmgly more locahzation of spuochetes m that order (187) 
Howei er, it is not known which is pnmarj’’, rapid escape of the organisms from 
the injection site before causmg much local cellular mjurj’- or them non-imtant 
quality per sc It is possibly sigmficant that the organisms escaped from a 
pentoneal camty vhich was artificially inflamed so that mtrapentoneally 
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injected streptococci, horse serum and trypan blue were rninblo tn j , 
the regional lymphatics (185) 7n 

de^e networks of fibnn which trapped many other species of motile ^0106^ 

nhXIiS H ^ closely-knit fibnn coagulum and complete Ijm 

phatic blockade are required to restrain their spread (137) 

After moculation mto the bram or meninges, L tderokammhagiae often can 
be isolated from the blood, and occasionally they have produced gencrabred 
leptospiro^ m gumea pigs and red foves (185) Howei'er, despite positu c blood 
c^tur^, these spirochetes do not readily, if ever, reach the bram or spinal fluid 
through the blood vessels, as judged from negative bram and menmgeal cuKurt^ 
(185) This paradcracal situation is, nevertheless, only apparent The ivalls 
of the meningeal blood vessels provide an unpenetrable bamer for foreign par 
tides which gam entrance mto the general circulation (132) The passage of 
substances from blood to spinal fluid is mediated by the choroid plexus This 
structure, unless damaged, is impermeable to colloidal substances (59) On the 
other hand, it can be shown with the aid of aniline dyes that m small animals 
mtracrarually mjected matenal always reaches the lateral ventncles (59) The 
passage of substances from the ventncles to blood takes place through the i cnous 
smuses which are permeable even to corpuscular elements (59) It is quite un 
derstandable, therefore, that spirochetes go from spinal fluid to the blood but not 
in the opposite direction 

The negative bram cultures m guinea pigs after penpheral injecbon of Icpto- 
spurns are m keepmg with a concept of Fnedemann (60) This irorler has cx 
plamed the impenneabihty of the capiUanes of the central nervous g^tem (blood 
brain bamer) to anilme dyes, toxins, viruses, antibodies and drugs on the basis 
of the electrochemical properties of these substances This bamer appears to be 
permeable to substances carrymg a positive or no surface potential while it is 
impermeable to those beanng a negative charge at the pH of blood He feels 
that this penneabihty possibly may be correlated more correctly with the magm 
tude rather than the sign of the zeta potential However, as prenouolv sum- 
manzed (Section I B) there is no agreement on the surface potential of Lepto- 
spira Therefore, careful cataphoretic studies are required to establish the zeta 
potential of leptospiras under vanous conditions In that way it may be c 
cided whether the impenneabihty of the cerebral blood vessels to the 
IS correlated with the electrokinetic potential of the organisms It maj be a 
different species of animals vmry in the penneabihty of then blo^-hram im 
to leptospiras Also, the spirochetes may be able to change the agn o 

zeta potential as some trypanosomes do (16) i„„winnctic 

In view of these facts, investigations of the correlations between e 
potential and abihty to mvade the central “^nnus jstem 
interest The oft^liscussed problem of neurotropic f f(j,;^rgamnn5 

other spirochetes may thus be related to the surface P^^^^^Sroken 
Barreha These also are rapidly invasive. Zee. the 

skm (147) Twenty-four hours aft^ data on their local 

organisms may be demonstrated m the blood 
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ization m the rVid or in regional l 3 Tnph nodes Schuhardt (179) has seen no evi- 
dence of a prompt and severe inflammatory response to artiflciallj^ mjected Bor- 
reha 

Treponema palhdum This organism mvades the bod}’’ rapidlj’’ after penpheral 
moculation It can pass through apparently mtact skm and mucous membrane 
(35), though it IS impossible to exclude the presence of mmute breaks in these 
tissues (150) The organisms also can pass through granulatmg vounds (35) 
Trauma and abrasion favor mvasion (35, 36) but apparently are not al'wa 3 ’’s neces- 
sary There is evidence of mvasion of the bodj’’ through the Ijmiphatics and 
blood smce there is an inflammatory reaction in the penvascular lymphatics 
(193, 208) The orgamsms settle out m mflammatorj’ areas and produce lesions 
there when moculated mtrapentoneally or rntratesticularlj*' (36) 

KoUe and Evers (103) infected rabbits by cutaneous or subcutaneous mocula- 
tion mto the scrotum, removed the mgumal lymph nodes after varymg periods, 
and mjected these mto fresh animals By this means the}’’ found that the nodes 
were infective ’withm 30 mmutes of the mjection They were able to show that m 
gumea pigs the spirochetes reached the focal lymph nodes 5 mmutes after cuta- 
neous moculation of the scrotum In apes the time between moculation and 
mvasion is probably longer For example, a chimpanzee anomted locally with 
calomel omtment 1 to 2 hours after cutaneous moculation never developed 
s}’phihs (138) Dunng the primary stages orgamsms are found m the local chancre 
and sometimes can be demonstrated m the blood (193) Mahoney (130) de- 
posited a suspension of T palhdum on intact gemtal mucosa of male rabbits, and 
at successive mtervals killed animals for histologic study One hour after ex- 
posure began the org anism s occupied a more or less protected position m the 
crypts of the mucous membranes In 2 hours there was endence of penetration 
of the deeper tissues, and m 3 hours the orgamsms had penetrated to a depth 
that would preclude direct influence of any chemotherapeutic agent apphed to 
the surface T palhdum apparently can traverse the blood-bram bamer and 
pass from blood mto the bram substance (60) 

C Humoral mechanisms^ 

1 Normal blood Taylor and Goyle (204) reported that freshly dra’wn human 
blood had spirocheticidal properties for L iclerohaemorrhagiae in vitro There 
was no study of the effect of blood on the organisms in vivo Stai’atsky (187) was 
unable to detect any spirochetostatic, l}i;ic, or agglutmatmg effect on the spiro- 
chete m vitro of normal defibrmated whole blood from adult man, rhesus monkeys, 
do^, foxes, gumea pigs, rabbits, hamsters, white mice, and white rats Oag 
(152) obsen ed that mouse, chick embr}'o and chick bloods were spirocheticidal 
in iitro for Borrcha dutioni, possibly by a direct lytic effect However, such a 
property apparently was absent from the blood of mouse and chick embryo in 
mo Turner and Diseker (215) demonstrated that T paUidum loses its viru- 
lence and, probably, infectmty after 72 hours’ storage m citrated human or rab- 
bit blood at 2 to 4 C, and Bloch (12) found that T palhdum, stored m citrated 

\ntibodies are discussed under Acquired resistance, Section H E 
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blood at 5 C, retamed its virulence for 3 but not 4 davs He stated that th. 
p^ce of tissue may favor the maintenance m mlro of virulence of the^^ 


isms 

2 


formal se^ or plasma Marked differences exist in tie abdity of senims 

^ I^ptospira in utro, tab 

mT growth while most other serums support poorer orno 

gro^ (186, 219) However, no correlation may be made between the abihty 
ot toeir serums to support growth and species susceptibility to Leptospira (ISC, 
219) Normal dog serum has no protective power against this organism (219)’ 
Normal serum from man, horse, goat, rabbit, gumea pig, white rat, hen, and 
sheep contam no agglutmins for Leptospira (221) According to Cormles (40), 
the serum of horses, lower apes, rabbits, gumea pigs, or mice docs not t\crt a 
Qiirochetolytic effect in vUto Hen and eel serums were found feebly spirocheto* 
lytic (40) Normal serums from man, monkeys (Afacccus rhcmts), dogs, foxcs, 
gumea pigs, rabbits, hamsters, white mice, and white rats were without demon 
strable effect on the morphology or groivth of the spirochetes in n(ro (1ST) 
Turner, Bauer, and Kluth (217) reported that T pallidum and T pcrlcnve sus 
pended m blood serum were kiUed during freezmg m carbon dioxide and a! 
cohol and desiccation Selbie (182) found that T pallidum kept m rabbit 
plasma at 5 C mamtained its virulence for 6 but not for 10 or 21 days Rantch 
and Chambers (162a) showed that T pallidum and relapsmg fever spirochetes 
lost their virulence gradually over a penod of days or weeks during storage in 
frozen plasma at —12 and —20 C Probey (161) observed that T pallidum 
suspended m salme-normal horse serum is apparently killed during the deep 
freezmg and dryung process smee matenal restored immediately after processing 
was not infective for rabbits 

3 Bile and bile salts destroy L iclerohaemorrhagiae rapidly tn nlro (150) 
Taylor and Goyle (204) beheve that the bile which is formed as a result of de- 
struction of blood cells or through some other mechanism m leptospirosis i^t 
least partly responsible for the disappearance of the organisms from the blood 
Accordmg to Noguchi (150), T palltdum is dismtegrated by 10% bile salts 
There are no data on the effect of bile on Borreba 

4 Human gastnc juice destroys Leptospira in 30 minutes (208) i o a 
were found on the effect of gastnc juice on Borreba and T paMumMt it migti 
be expected that they too would be destroyed m this highly acid medium 

5 Inflammatory fluid Corrales (40) reported that rat, rabbit, and mom 
mflammatoiy fluid devoid of cells was spirocheticidal for leptospiras in n 
The organisms became deformed and granular, their mobility 

finally they disappeared However, Staxntsky (187), uang 
toiy fluid from gumea pigs, mice, and rats could not co^ Somua m nro 
Nor could be discern any effect of a the other 

(187) There are no data on the effect of mflammatoiy 

pathogenic spirochetes ^ j i r^rch on the influence of 

6 Hormones There has been a gr^t deal of ^ mfcction as 

vanous honnones on syphibs (156) Women react syp 
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though a different species from man, they are so much more refractor}" to this 
mfection (193) There is httle doubt that pregnancy is an important factor m 
altermg the course of s}"pbihs (95, 156, 193) , it ma} be responsible for the com- 
parati\e freedom of -vromen from neurosj^ihilis (193) Infections in a group of 
male and non-pregnant female rabbits were more seiere than m a group of 
females m which impregnation and infection occurred at about the same time 
(17) Lowered resistance to s}’phihtic mfection was observed in ovanectomized 
rabbits (84) 

A hormonal basis for these phenomena has been made very plausible by studies 
m experimental syphilis and tuberculosis Estrogens given to male and female 
rabbits appear to inhibit the sv^pluhtic infectious process (58, 95) The most 
staking modification of response was the resistance to the disease developed m 
the testis (58) Lime (128) has found that estrogens also exert a profound in- 
hibitory effect on experimental tuberculosis m the rabbit 
Experimental syphihs of the rabbit has been reported to be more sev’ere m 
anim a l s after complete thyroidectomy than m controls (159) Partial thyroid- 
ectomy resulted m a milder disease than m control ammals Complete thy- 
mectomy produced a less pronounced effect than either partial or complete 
th}"Toidectomy but, m general, the s}’philis resembled that m partially th}*roid- 
ectomized ammals (159) 

It seems, therefore, that m syphihs the mtegnty of the endocnne glands and 
balance of endocnne functions are valuable adjuncts in defense of the host 

D Cellular mechanisms 

No feature of anti-spirochetal resistance is so contro\"ersial as the cellular 
mec h a n isms In part this is due to mcomplete knowledge of the div"erse ways 
m which cells may take part m host defensive reactions The all-important 
question of cells m defense through their role m antibody formation will not be 
considered as it is an extremely broad and disputatious subject m itself The 
reader is referred instead to a recent paper (53) which discusses cells m coimection 
With antibody production Here attention is focussed mamly on the thorny 
question of phagoc}’tosis as a defensive weapon m spirochetal infections 
It IS ver}" difficult to determme whether or not phagocytosis of spirochetes 
occurs either in vitro or in vivo Many spirochetes are lysed extracellularly and 
possibly intracellularly upon contact with specific antibodies, and may leav'e 
mt phagoc}^,^ cells no clearly recogmzed vestige which may be distmguished 
rom normal mtracellular granules It is ver}" difficult to recogmze a spirochete 
^ ^5' means of the dark-field techmc Moreov er, one has to distm- 

gins etween adherence of the organisms to the leukocytes and actual mgestion, 
a o^ etween the active bormg of the organisms mto cells (77) and then passive 
mgestion It is often not possible to determme whether a spirochete is withm a 
ce or a ov e or below it m wet or fixed preparations However, one might ex- 
pec m t e course of numerous dark-field exammations to witness the actual en- 
^ 0 t e organisms, if the process occurs at all frequently 
c great length of some strains of pathogemc spirochetes (4 to 30 p) 98, 208, 
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219) might preclude their ready phagocytosis even by large macrophages with 

out a 1^ or curlmg of the organisms, 6 agglomeration and fuaSn of phaco. 

cytic cells (foreign-body giant cells) about the spuochetes PhagocytS of 
spmoch^ accompanymg their lysis has been reported (97, 101, IOC, 107, 151 
m 71 mtraceUular organisms likewise has been noted 

u Phagocytosis of spirochetes by foreign body giant cells has not been 
draenbed Partial mgestion of spnochetes may be seen m illustrations to an 
article by Kntscbewski and Smjuschima (106) 

The active motihty of spmochetes may render phagocytosis difficult m the 
absence of some immobihsong agent such as a specific agglutinating or li-^mg 
serum (233) However, Himmelweit (77) has desenbed the apparent active 
bormg of the avian spmichete mto macrophages giving the appearance of phago- 
cjdosis 


Teale (205) has emphasized the importance to the phagocytic process of sedi 
mentation of fibnn meshworka with subsequent trappmg of the organi'ms m 
them It may be significant, therefore, that leptospiras, probably due to ffaeir 
motihty, do not sediment readily Approximately 5 hours’ centrifugation at 
3000 rpm was required to clump them completely from a suspension (1^) 
There has been no defimte demonstration to date that the pathogeme spiro- 
chetes are positively chemotactic L icterohaemorrkagtae did not attract phago- 
cytic cells in mto or in mvo despite the coexistence m one tube or m a prefonned 


inflammatory exudate of large numbers of spirochetes and phagocjfes (185, 
187) There was no evidence that the spirochetes produced kuLocidm, (20S 
because the phagocytes engulfed cocci mtroduced mto the in vtlro mixture (187) 
Novy and Knapp (151) considered as chemotactic the distorted Borrelia in rats 
which have recovered from relapsmg fever However, it is questionable whether 
f.bifi term may be apphed to orgamams sensitized and degenerated by contact with 
specific antibodies McCutcheon (134), m a review of chemotropism, states 
that specific antibodies appear to play no part m chemotaxis which is a non 
specific phenomenon often displayed by antigens Bergel (9) beheves that t c 
hpid cell membrane of T pallidum chemotactically induces a lymphocytic re- 
action, but McCutcheon (134) states that lymphocytes do not exhibit chemotmas 
to any substance yet studied He knows of no evidence that Lept^ira o'" 
Treponema causes a chemotropic response and considers it unlikely t cy 


Aere are at least three possible explanations for the apparent lack of cbcrn^ 
tropic properties m pathogeme spirochetes First, the organist 
duce substances in the course of their metabolism that attract Pf ^ 

Second, they may not mjure tissues, which may then 
stances (134) Third, the organisms may escape ^ (he 

without having released chemotropic substances Hn r 
tissues may also fail to produce these agents m leptospirosis 

Leptospirosis Only the humoral aspecte o r 
have been given much attention (187, 219) The f ^ mvestignfors 

phagocytes has been almost entirely neglected except insofar as m 
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have studied these cells in stained smears or sections of tissues from naturally 
or expenmentelly infected men and animals (219) 

Inada et al (85) found spirochetes m epithehal and phagocjdic cells in man 
Degenerated orgamsms vere also obsened m IjTnph nodes and spleen The 
occurrence of mtracellular spirochetes was attnbuted to the spirochetes’ invad- 
mg the cells m order to escape the action of the antibodies, vrhile the presence of 
spirochetes m epithehal cells of glands perhaps indicated their vay of escape 
from the body Vanm (223a) obsen^ed that leukoc 3 'tes between hi er cells and 
m blood vessels were filled with nests of spirochetes m which mdindual organ- 
isms were still recognizable Corrales (40) has descnbed phagocjdosis of lep- 
tospiras bj’' phagocj’tic cells m the peritoneal cai ities of mice, rats, gmnea pigs, 
and rabbits foUowmg mtrapentoneal injection of the orgamsms He concluded 
that natural resistance of such species as mouse, rat, and rabbit is due to phago- 
cytosis, destruction of spirochetes bj substances elaborated bj’’ the leukocjdes, 
and the mabihty of the orgamsms to mjure the tissue cells of these species 
Hindle (78) states that phagocjdosis of the spirochetes is extremely active m 
monkeys, rabbits, rats and mice, both tn uiro and in vivo, but presents no ex- 
penmental basis for the statement 

In luew of the significant nature of Corrales’ vork (40), Stantskj (187) at- 
tempted to confirm and extend his studies Howei er, not a smgle instance of 
phagocjdosis of Leptospua was observed m the course of numerous examinations, 
a, of exudates from infected eyes, pentoneal canties, or blood containmg spiro- 
chetes, 6, of in vitro mixtures of serum (normal and immune), poljinorphonuclear 
and mononuclear leukoc^des (from normal and immune animals), and spirochetes, 
and c, of stained smears and sections of bram, meninges, hver, spleen, adrenals, 
bone marrow and kidneys of infected animals The orgamsms were agglutmated 
or Ij’^sed onlj'" in the presence of specific antibodies Mononuclear cells m cell 
cultures were without effect on the organisms When Leptospira were mtroduced 
mto a skm area containing a preformed predommantly polymorphonuclear m- 
flammatory exudate, no locahzation or phagocjdosis of the spuochetes m the 
injection site was obsen ed (185) 

Tschenkower and Rubmstein (211) found no significant difference m the re- 
sponse to leptospirosis of splenectomized and normal gumea pigs, and concluded 
that there is onl}’' a shght protective function of the reticulo-endothehal system 
m this disease In another stud}^ (233) m which the reticulo-endothehal sj^stem 
of guinea pigs was blocked by mtracardial mjection of feme sucrate 2 days after 
splenectomj’', the sunuiung animals behaved much as did the normal ones as 
regards active and passu e immumzation and response to bismuth therapy 
Splenectomj' m mice did not alter the course of subsequently mtroduced infec- 
tion (185) Howei er, these experiments are open to the cnticism that blockade 
and splenectomj may not have lowered the fmctional activity of the reticulo- 
endothehal sj’^stem suflacientty to produce a noticeable effect 

In contradistinction to most microSrganisms (205, 208), L icterohemorrhagiae 
apparentlj' was not cleared by ceUs of the reticulo-endothehal system from the 
b ood of normal gumea pigs, mice, and rats dunng the first 48 hours after mtra- 
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appreciable fluctuation m the number of ormi^ms 
L ^ expenmente (185), o-ni^.em 

fh!f^ from the blood up to 120 houra after injection Chang (30) has reported 

that ai^ent leptospiras may be found m the blood of gumea p gs for a 
more after moculation I'bp « «ccKor 


Ben^^e administered to produce a profound artificial leukopenia in mice nas 
mthout detectable effect on leptospiral infection in naturally resistant strains 
of Tvhite mice (188) 

Relapsing fever In no field of immunology has the question of cellular i ersus 
the humoral basis of immumty been asked so persistently as m relapsing foicr 
studies (143, 147) Some have considered resistance as due to phagocytosis, 
and others to lytic action of specific antibodies with phagocytosis a secondary 
phenomenon (66, 143, 147) It is well, therefore, to renew the endenco on the 
question 


It IS generally agreed that Borreha are usually seen extracellularly m tissue 
sections (97, 143, 147) Many mtracellular fragments or granular corpuscles 
may be observed occasionally, but there is no conclusive evidence that these arc 


related to the spirochetes (97, 147) Dark-field examination may show spiro- 
chetes entangled m the pseudopodia of poymorphonuclear leukocytes, but there 
is little to suggest that mgestion ever occurs (97) Fixed preparations do not 


reveal phagocytosis by wandenng phagocytes (97) Spirochetes are mvannbiy 
extracellular m blood films (97) Histological sections of infected tissue like 
wise give no mdication of phagocytic action by mobile leukocytes (97) Oag 
(152) did not observe phagocytosis of Borreha duUont by any circulating cell in 
the blood of chick embryo, chick, or mouse Other investigators haie reported 
phagocytosis of Borreha by wandenng cells in blood and tissue (60, 143, 147) 
However, there seems to be more general agreement on phagocytosis of the 
spirochetes immobilized and sensitized by specific antibodies (143, 179) In the 
classical experiments of Novy and Knapp (151), phagocytosis and intracellular 


digestion by macrophages of organisms altered by immune serum were lerj 
rapid ICntschewski and co-workers (106) found that phagocytosis is usual!} 
an accidental phenomenon m experimental relapsing fever When orgMisms 
were injected mtravenously m immune animals only lysis was observed, fol on 
mg mjection mto skm and pentoneal cavity, some phagocytosis was^n n 
tissues, only lysis of organisms smd no phagocytosis were the rule o mono- 
cytes seemed less important than the microphages m phagocytosis 
The rfile played by fixed phagocytic cells m relapsmg fever is d^cnlt o “ 
hsh despite the many papers attnbutmg a protective function to e 
endothehal system m this disease (66. 147, 156) JPf f open 

senbed withm cells by many workers (66, 143, ^ preeJb 

to the objection that histological studies are ^cu t pppe in 

Spirochetes are occasionally seen wito the , j,e rcticulo- 

the macrophages of the splem (97) ^ probable that fixed 

endothehal macrophages of the spleen (97, 14/) n P 
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phagocytes are not very active against himg forms of the spirochetes although 
these orgamsms are disseminated \ndel5" throughout the body (97) Certam 
macrophages, particularly the splemc cells, may be packed ViTth argentophihc 
granules, but if phagocytosis of hnng orgamsms does occur, spirochetolysis must 
take place very rapidly because forms recognizable as spirochetes are never 
abundantly present m these cells (97) The sigmficance of fixed phagocj^tes m 
relapsmg fever apparently is still an open problem 

One group of workers (97, 147) has presented circumstantial endence that the 
spleen is mvolved m the destruction of the spirochetes The spleens of sei erely 
infected animals did not shou enormous numbers of morphologicall}^ normal 
spirochetes while the other organs u ere loaded vuth them In the spleen many 
mtracellular fragments and extracellular granular, degenerated forms were noted 
On the other hand, m animals m which not many orgamsms were seen, the nor- 
mal organisms were most numerous m the spleen and often could not be seen 
m other organs Howei er, these suggestn e studies should be confirmed, pref- 
erably by other than histological methods, a techmc open to considerable danger 
of imsmterpretation 

Kntschewski and his co-workers (107) hai e made exhaustn e studies of the 
r61e of phagocjdic cells and reticulo-endothehal system m resistance to borrelias 


It was found that after splenectomy great multiphcation of the spirochetes oc- 
curs However, splenectomy is without effect m experimental infections with 
some species of Borreha (156) There are many obsen^ations on the effect of 
splenectomy or blockade of the reticulo-endothehal sj^stem on infection mth 
relapsmg fever spuochetes (66, 156), but they do not contnbute much of signifi- 
cance to an imderstandmg of ^e problem The decreased resistance upon sple- 
nectomy or blockade may be a manifestation of decreased antibodj’’ formation 
mcident to the removal of large numbers of antibody-formmg reticulo-endothehal 
cells or lymphocytes (53) 


Avian spirochetosis Levaditi and Stoel (115) have observed phagocytosis 
by macrophages of Borreha ansennum m tissue culture How ever, Kntschewski 
and Rubinstem (107) have found phagocidosis to be a secondary phenomenon, 
occurrmg after the death or munobdization of the spirochetes Himmelweit (77) 
beheves spirocheticidins play an active part m the destruction of the organisms 
m hens In tissue culture experiments (77) the spirochetes were seen to bore 
mto macrophages from normal spleen cultures but not into fibroblasts and small 
round cells In spleen cultures from previously immumzed hens the organisms 
egan to bore mto macrophages one hour after infection No phagocytosis was 
s own y fibroblasts and round cells m these cultures Twelve hours after m- 
ection the spuochetes lay m a braid around macrophages and showed degen- 
eratne orms After a while no hve orgamsms were seen Upon addition of 
immune serum to infected macrophages from normal cultures the spuochetes 
imme atey bomd mto the macrophages Himmelweit questions whether 
p agocytosis is the all-important factor, since Ij'tic and immobihzmg antibodies 
are important factors in overcoming the cnsis m the infection Knowles et al 
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(101), in a recent review of the hterature on avit 
expemnente on the mechaniBm of immnnity, 
disease is basically humoral in nature 
S^hilis and yaws A number of mvestigators have reported finding typical 
^yphihs spirochetes withm various cells in tissue sections of natural or congenital 
human syphihtics (236) or of experimentally infected rabbits (cf 34) The 
tissues mcluded hver, lung, and kidney from congenital syphilitics, and testis, 
hver and kidney epithehal cells, adrenal capsular cells, sweat glands, and cyto^ 
plasm of nerve cells from syphihtic rabbits Bergel (10) reported that phago- 
cytosis of treponemas by lymphocytes and large mononuclears could be 
demonstrated m the peritoneal cavity of rabbits, guinea pigs and mice moculatod 
intrapentoneally However, Chesney (32) states that he has never seen a single 
instance of phagocytosis of T pallidum either m human syphilis or m nxpenmcntal 
syphilis of the rabbit, and he does not attribute an important rdle to phagocytosis 
m anti-syphihtic resistance Ferns and Turner (55) have noted no evidence of 
mgestion of spirochetes by mononuclear or any other cell in cutaneous lesions of 
syphilis or yaws m man or rabbits Zmsser and Hopkins (237), m studying the 
mechanism of natural resistance of mice against T pallidum, observed actn e!y 
motile unphagocyted organisms surrounded by masses of leukocytes m the pen 
toneal cavity as long as 3 days after mjection They could not convince them 
selves that any significant amount of phagocytosis had occurred Hoff and Sil 
berstem (81) found some mdication that the sera of malana-treated general 
syphihtic paralytics contamed opsonizmg substances for treponema Beck (7), 
however, has remvestigated this matter and concluded that such sera contain 
no opsonic elements Occasionally he noted what appeared to be partial inges- 
tion of an organism by a leukocyte but attnbuted this to an active bonng move- 
ment of the spirochete mto the cell Most workers, m fact, found the syplulis 
spirochete m a predominantly extracellular position m the tissues (184) The 
ability of these organisms to penetrate granulatmg wounds (35) also speaks 


n spnochetosis including onginal 
conclude that immumty m the 


against the occurrence of pbagocjrtosis on a very large scale 
Although it is commonly assumed that the fixed tissue elements play an im- 
portant r61e m defense of the host against syphilis, there is httle factual matenal 
to indicate that this is true or what this r61e might be Phagocytosis has not 
been shonm to occur to any great extent m these tissues (184) Although t c 
spleen and lymph nodes usually contain only a few organisms, this may no 
be due to phagocytosis by macrophages It may rather be that the extracc u r 
flmds m these organs afford a poor medium for growth of the apitochelcs ( , 
48, 164) Jungeblut (90) observed that blockade combmed mth splenectomj m 
mice m no way altered the course of subsequently mduced m ec lons^ 

The disease was latent, as in the control aiumals, with locahzation of t e organ 


isms m the lymph glands rt-nluUs 

Phagocytosis may be of great importance m elemms ie^por- 

and thus assisting m the removal of toxic products from the bc^y , 
tance of an mcreased number of laige macrophages m e reso 
lemons m the rabbit has been emphasized by a number of mves g 
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E Acquired rcsislancc 


Specific antibodies appear to be pmnarj’^ elements in acquired resistance to 
leptospirosis and infections produced bj’^ species of Borreha Hon ever, until 
quite recently there was no evidence for the participation of antibodies in the 
resistance which is acqmred m the course of sv-phihtic infection in man and ani- 
mals 

L^fospirosi3 In natural and evpenmental leptospiral infection the host ap- 
parently becomes resistant to infection coincident wnth the development of 
specific agglutmatmg and Ijfiic antibodies during the second week of the disease 
The resultant resistance may persist for months or ev en v ears parallehng the 
persistence of the antibodies in the blood According to Kaneko and Okuda 
(92) the antibodies are capable of destrojnng the spirochetes found within the 
organs of man, with the exception of those in the kidnej* Similar results have 
been obtamed m experimental infections m guinea pigs (187) and hamsters (185) 
whether the antibodies were formed actively or acquired passivelj Specific 
antibodies have a defimte therapeutic effect on leptospirosis in susceptible strams 
0 mice if giv’^en as late as the fourth day after infection (111) 

It is not known defimtely whether complement must be present for lysis of 
Leptospua by specific antibodies (185, 219) 

Active and pa^ve immunization are qmte successful m leptospirosis (219) 
( 91 ^ ^ transferred to the fetus apparently by way of the placenta 


been claimed that antiserajo leptospirosis exert their beneficial effect 

viewmii^nw content (219) Howevmr, final judgment on this 

must avvait conclusive demonstration of a spirochetal toxm 

lone relapsmg fever charactensticaUy result m 

mltv^ ® reinfection (150) Moreover, human im- 

forms whe^ter^ that observed m the lower 

amount ot susoepfb^M) Howr'“”“ Tt =‘ 
cases -n a However, second mfections may occur m human 

zaSn (U?) interrupted the natural processes of immum- 

was fir^c^^ bv t antibodies m infections vnth Borreha 

foundation b^the cLsicaf on a firm experimental 

shown that the It was 

the onset of an aWack 

recoveiy they die out m ih durmg the dechne of an attack or after 

ammed m vivo dunne thp d 7 When the organisms v ere e\- 

Jheir motihty and become ^ f ^ “^""tion, they were obsen^ed to lose 
als5 could be observ^ed degenerated and granular (151) This 

an infected rat In rat. fh TV ^ ^ immune animal was moculated mto 

nomenon could be producpd ! the infection, Pfeiffer’s phe- 

mals V as followed by agglutinr+uT^ Injection of infected blood mto such am- 
The course of antibodj productmiT g^nlar degeneration of the spirochetes 
P oduction and action m human beings seems to resemble 
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t^t m espenmenM animals It was suggested by Novj and ICnapp (151) 
that the ^apse is the consequence of the sumval of a few individuals which arc 
resistant to the specific spuocheticidin and which mvdtiply to give nse to a new 
serum-fast stram This tram of events is repeated in each relapse iVfter a 
number of relapses the active immumty developed by the host is sufficient to 
prevent further mvasion of the blood by the spirochetps and an apparent cure 
results Antibodies may be transferred passively to the young of man and am 
mals (147) 

Some workers beheve that immumty m relapsmg fever depends on the nru- 
lence and numbers of spirochetes mtroduced rather than on the highly complex 
antigenic structure of the organisms (97) Many virulent organisms may chcit 
an active immu ne reaction from the host while smaller numbers or mildly nni 
lent strains may not arouse the host so markedly (97) However, it seems tliat 
the relapse phenomenon is of greater significance for the outcome of this infec 
tion, as a sudden shift m antigemcity of the organisms may negate the acquired 
immunity of the host 

The participation of complement m antibody reactions with borrehas has not 
been studied The benefits of active immumzation in relapsmg fever are ic^ 
definite than m leptospuosis The beneficial effects of specific antiserum may be 
nullified by the failure of the antibodies to correspond to the newly formed anii 
gemc variant 

The rble of residual mfection in immunity to relapsmg fever is discussed in 
Section II G 

Atnan sptracheioets The phenomena and mechanisms of host resistsucc va 
avian spirochetosis are essentially the same as m relapsmg feier 
SyphUts Acquired resistance m syphihs is qmte different from that in the 
other spirochetoses as well as in most other infectious diseases It perhaps re- 
sembles most closely resistance m tuberculosis (168) It is, therefore, percent 
to note the sahent features of acquired resistance m natural and experimental 
^hihs (34, 222) 

Compared with most infections, resistance m syphibs is acquired i eo ^ ^ 

Nevertheless, m man reinfection has not commonlj'^ been proved to occur (8, ) 

In the rabbit it requires about 6 weeks followmg moculation for a state o partia 
resistance to be achieved (51) This resistance at its best is not alwax s comp c c 
as the organisms often persist m a latent state m the tissues of rabbits an con 
ceivably of man (34) At some tune between the 45th and 90th day o owing 
mfection the rabbit acquires more effective resistance against syphilitic mtwtion 
It appears to be stram-specific m rabbits (38) and possibly m man ( ) 
ance is shared by most of the tissues of the body (39) with “ orcanisms 

exception (39) However, ( some tissues appear more ° tcstisToncs, 

than others (34, 193) Bfown and Pearce (24) beheve ^ 

skm, and eye successively take up defense of the b^y and ^ 

action muX of the general physiolo^c d^^e 

level throughout the secondary or most active pen^ remoculations 

tertiaiy stage Durmg the latter it appear somewhat to wane 
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^ccessful at ths penod (5) f '"'f 
adered not aifficrat to eradicato intcction (o, 34, GO, 193), but sul icic m lo 

stroTioultipbcabon ot smaU numbors of o^amsm, P“'"' , ‘ c^,' Uonpo 
ment of an inflasmnatou' leaon Tho number of sp.rocbclo^ in tbo clnl W 
moouluin is important m detenumms whether nsj-mptomnlic infoclion 
rf« 3 stance to reinfection is manifested m rabbits (129) , , , . „ 

Rabbits treated mtb arspbenamme before the 45th daj of the di'-oa'=c can 
reinfected successfuUy as the organisms ba^c been dcstro>cd before producing 
sufficient active immunity (34) BeUecn the doth and 90th daj s, treatment ns 
a variable effect on reinfectabibty (34) If treatment is postponcil unti after 
the 90th day the animal often is refractors' lo a second infection vnln the Ho- 
mologous stram of organism prondmg there is no trauma at the site of injection 
(34) In monkeys, the earher treatment is begun the more apt the animal is to 

yield a positive result upon remoculation 

The question as to the persistence of acliie immunity in si'phihs following 
drug treatment is of more than theoretical concern Chesnej (34) bchci cs that 
aniTTiflls treated m the late stages of s>'phihs are biologically cured and at the 
same time actively immunized Neisser and Kollc (34, 102, 222), on the other 
hand, deny that infection has been eradicated from these animals and claim that 
they harbor latent organisms as indicated by positn c Ijanph node or organ trans- 
fer tests The mterested reader is referred to material on both sides of the con- 
troversy (34, 102, 193, 208, 222, 236) 

"What physiological changes m the host are responsible for the increase in re- 
sistance m the course of sj-phihlic infection? Sci eral im estigators haa c noted 
an enhanced physiological activity of large mononuclear cells dunng early' acute 
syphilis (124) An mverse relationship betv een the mtensity' of the local lesion 
and the mtensity of secondary lesions has been reported and may be related to 
this e n ha n ced cellular activity (18) However, m the absence of e\'idcncc that 
these cells are engaged m evtensiie phagocytosis of treponemata, some other 
function must be assigned them These cells ha^ e been considered to be acti\ e 
m resolvmg or clearmg up the debns m syyihihtic lesions rather than m disposal 
of the spirochetes themselves (124) Other possible actmties of the cells ha\ e 
been taken up m previous sections There remains only the subjectof acquired 
humoral resistance This subject will be discussed quite thoroughly' as it com- 
monly has been discarded as a factor m sy^phiktic unmimity" Although this 
phase of resistance seems feeble when compared to the powerful influence of 
acquired antibodies m other mfections (89, 143, 168, 208, 236), it is m fact the 

only concrete factor m resistance to syqihihs which has been estabhshed up to the 
present tune 

111 the past, experiments hai e been desenbed which suggested that protective 
anti odies are developed m the course of syTihihlic infection Eberson (52) 

A editorial in the Journal of the Amencan Medical Association for 

stated “Details of the mechanism of the defensive reaction against 

iSction°^(ItS<^aInhor? ” ^ probably a tissue or cellular 
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^xed viruleiit T paU^dvm and seruin from persons Avith late syphilis and from 

^ T ^ inoculated intratesticularly into rabbits, these mixtures 

pr^uced no l^ons, j-her^ control mixtures containing serum from normal 
rabbits ^d rabbits i^ected for less than 6 months produced lesions Tam and 
Ugmti (202) reported similar results m experiments m ivhich mixtures nere in- 
jected mtracutaneously Of greater interest, hoirever, are parabiotic expcn 
ments performed by Tam and Aikawa (203) They parabiosed rabbits ivith nc 
tive syphilis of 9 to 94 days’ duration either with rabbits mfected with sjiiliilis 
for 99 to 459 days or with normal rabbits In general it was found that rabbits 
jomed to im mu ne rabbits showed defimte heahng of their active lesions while 
most of those jomed to normal rabbits did not show any heahng 
Turner (214) has criticized the techniques and lack of smtable controls m pre- 
vious experiments which led him to his studies on the question He reahzed that 
any test to demonstrate protective antibody m syphihs must be dehcately de- 
signed so as to brmg out the small differences m antibody content that probablj 
exist between the serums of normal and syphihtic animnlg or human bemgs He 
worked out a techmque to satisfy this requirement (214) An emulsion of nni 
lent T paMtdum was added to serums from normal rabbits and from untreated 
immune syphihtic rabbits, mfected with an homologous stram of T pallidum, 
and the mixtures, after mcubation at 37 C for 6 hoius, were mjected mtracutanc- 
ously mto normal rabbits Typical ^hihtic lesions developed at the site of 
moculation of the normal serum-spuochete mixtures, while at the sites of inocula 
tion of the imm une serum-spuochete mixtures there v as either no manifest re 
sponse or a reaction marked by a longer mcubation penod and smaller lesions 
t.hnri m rabbits mjected with normal serum-spuochete nurtures Ten out 
of eleven syphihtic persons with negative reactions to serologic tests for sjTih 
ihs were positive for protective antibodies by Turner’s test (216) Comple- 
ment seemed necessary to demonstrate the action of these protective antibodies 
The fact that positive reactions for protective antibodies were found along with 
negative reactions to serologic tests for syphihs suggests a probable lack of idcn 
tity between antibodies for positive serology and those necessarj’ for protection 
In any event, these studies mdicate that the protective antibodies arc associated 
with a high degree of acquired unmumty to the disease 

In recent studies on a larger scale ivith serums from human bei^ mth sjp n 
hs, Turner (212) essentially has substantiated his earher results The senm r 
syphihtic patients showed a substantial degree of protection as compa m 
serum both from non-syphihtic hospital patients and from L-j 

Serum from patients with latent and late syphihs as a r ™ 

degree of protection than serum from patients with early SJThJjf 
patients with secondaiy syphihs as a group was more protective th^^ 
patients with pnmaiy syphihs, but here the ^ng titer 

of the protection test did not correlate closely wi e co =(Hialled 

usmg ordmaiy beef heart antigen, but no tests were made in whict. 
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Wassennaiui antibodj wos rcmoicd by adsorption ’lunicr (212) lias no direct 
information as to wlietber tlic antibodj Mould be prolcctnc rcgardlc-^s of the 
route of inoculation of the spirochctc-antibod}' mixture 
In their extensive studies on experimental saTiliilis in the rabbit, Brown and 
Pearce (18, 20, 21) obseraed that the lesions exliibilcd a rclip'^inp cliaractcr 
paralleled by agglutination and degeneration of the spirochetes Though 
regular and marked these obsenations recall the situation in relapsing fc\cr 
hloreoier, the agglomeration and hsis of T pnllrdum arc highU ‘-upcr<=ti\e of 
the operation of specific agglutinating and htic antibodies ‘^iich ns haac been 
produced m relapsmg feaer and leptospirosis, and with culture *-traiii‘< of T 
‘pallidum (239) 

Chesney and co-workers (39) hai c presented indirect c\ idcncc for the humoral 
nature of host resistance m sjTihihs It has been known for some time that the 
cornea of the sj’phihtic rabbit docs not share to the same extent ns other ti'-^ue'- 
m the general resistant state which dc\ clops in that animal during the coiir-e of 
syphihtic infection It was assumed that this w as connected w ith the ab'^cncc of 
a blood supply to the cornea so that the corneal cells cither did not recen c an 


antigemc stimulus sufficient to mducc immiinitj or did not rcccuc through the 
circulation enough of sjTihihs antibodj to endow them with rcsi'^tancc How- 
ever, when the cornea was lasculanzcd bj prci lous inoculation with an imtant 
(39) (dead tubercle bacilh), it mamfested greater resistance against a second inoc- 
tion with homologous T pallidum than did the normal eje This result 
mig t be due either to exposure of comeal cells in the x nsculanzcd ej e to a greater 
amount of antigen with consequent more actn e cellular response, or to the pres- 
^ce messed concentration of circulatmg antibodies As the rabbits were 
e wa arsphenamine pnor to x asculanzation, it seems unreasonable to 
suppose t the eyes had been exposed to an undue amount of circulatmg anti- 
o^fb tf authors w ere mclmed to the xnew that the greater resistance 

nm ^ asculanzed cornea was more hkel}’’ due to an exposure to in- 

closed circulating syphihtic antibody 

T (165) cites experiments from the hterature which suggested that 

but immune animals were not only restneted m spread 

lose nhsp ^ He cnticized these experiments as dependent on histo- 

RexmoldsffiW^^ vahdity and hence unrehable In his own studies, 

Sltuwf ^ homologous strains of the syphihs spirochete mocu: 
the regional Ivmnh^ ° i^une rabbits These orgamsms did not migrate to 
™mune meewL nf mmobiUzed and destroyed in situ by the 
Despite thT^cixrp 1 + P^°hably by a local antigen-antibody reaction 
protective antibodies m , recordmg negative attempts to demonstrate 

summanzed above \ positive and suggestive ex-penments 

least a partly Immoral h ^ '^'^clusion that immumty m syphihs rests on at 
antibodies are mdicafpd Possible difficulties m demonstratmg protective 

to be of low titer and omN ® ^ antibodies were sboxvn 

probably distmct from tbe antibodies detected by the usual 
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serologic tests for syphlis Moreover, the apparent strain specificity of resist 
^ce m expenmental ^hihs (38) points to the importance of emplo^g hS 
og^ o^am^ for the demonstration of stram-speczfic antibodi^ ^ 

ether the protective antibodies m syphilis exert their effect at least partli 
by their opsomzmg properties is open to further study 

^e r^te of vaccmation in syphihs usmg various kmds of living, attenuated 
and dead vacemes have been essentially negative (34) There is no evidence for 
the tracer of immunity from syphihtic man or rabbits to their off-spnng (96, 
184) However, the positive parabiosis experiments of Tam and Aiknwa (203) 
brmg up the possibihty of passive transplacental transfer of protective substances 
on syphihs 

The r61e of infection-immumty or latent infection m acquired resistance to 
syphihs IS discussed m Section 11 G 

F Sypersensiitviiy 

The importance of hypersensitivity m the pathogenesis and immunology of 
infectious diseases is a question of tremendous theoretical and practical con 
sequence There are reliable students of disease on all sides of the question, 
some holding that hypersensitivity is defimtely advantageous and even necessarj , 
others that it is decidedly deletenous or at least unnecessary, and still others that 
it is without appreciable effect for the effective operation of acquired resistance 
(166, 167, 168, 169, 222) It would be unrewaring to enter into an attended 
discussion here of this acute controversy At least some of the difficulty arises 
from lack of general agreement on the defimtion of hypersensitivity (1C7, 222) 
While it IS convement to explain the pathogenesis and acquired resistance in 
syphilis m terms of hypersensitiveness, it would be preferable for this concept to 
rest on a firm factual foundation 

Although skm tests employing antigenic matenal denved from bacteria, fungi, 
viruses and helmmths have proven useful m the diagnosis of many diseases, 
this method has not been employed with any great success m any of the giiro- 
chetoses There is no report of hypersensitivity m the hterature on relap^g 
fever The only report of a skm test m leptospirosis is that of Jacobrfhal in 
1917 (86) However, his observations were only prehminaiy m nature and nc% cr 
confirmed Stavitsky (185) noticed that four or five days after mf mdermal mw 
ulation of L Kterohamonhagtae mto guinea pigs concentnc hemoirhagic icsi 
often appeared at the site of mjection It is not known whether tha re^^n 
an allergic response (45) or is due to hemolytic or tccac subst^ces ° 
ongm concentrated m the mjected area by virtue of “P’ 

bihty there (137) There are no further data on (c4 

The luetm test (148) employmg killed suspensions of T Pf The 

agent for the diagnosis of syphilis was found to be extremely J t 

o^anic luetm reaction (105) usmg extracts of mature syphilomas from ran 
testes IS apparently more specific under conditions ^ 

The exalted or at least altered reactivity of a host upon ^ 
foreign protem of bacterial or non-bactenal ongm has bee 
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(156, 167, 168, 208, 236) Conscqucnllj , it is not snrpnsinp tlint the ‘^^plnl^tlc 
rabbit may react differently at a second encounter N\ith T ^('^luhnn than at their 
first meeting Lisi (119) found that i\hcn injections of \ indent spirochetes i\erc 
given to vacemated rabbits, the lesions Mere larger and the penod of incub it ion 
shorter than -when mjections were gi\en to control animals \ronson and 
Meranze (3) studied the lesions produced b> injection of tubercle bacilli intra- 
cutaneously mto siqiluhtic and non-sjplnlitic rabbits The authors eonchidcd 
that the ceUular reaction in the s}*pbditic rabbits Mas an “anamnestic reaction", 
le , the cells of the 63 T)hihtic rabbits nerc so modified that injection of an un- 
related organism pro%oked a prompt inflammatorj response chanctcnslic of the 
imtial sypbihtic reaction The perivascular focal chancter of the loions, (ho 
presence of large mononuclear cells and fibroblasts, and the formation of ne\\ 
vessels suggested sj'pbihs, on the other hand, the ‘nibscqucnt appearance of 
epithehoid cells and of caseation and softening ncrc more rcmini'-ccnt of tuber- 
culosis 

Rich ei al (169) hate conducted extensne experiments to clanh the role of 
hjqiersensitinty m siiibihs xsoguchi (148) had shomi prcMOUsh that ribbits 
injected repeatedly mth xarulent T palhditm ga\c allergic skin reactions to a 
spirochetal suspension (“luetin reaction”) Honc\cr, Rich cl al (109) found 
unmumzed rabbits refractory to large test doses of spirochetes a ithout displaj - 


mg any microscopically discermblo inflammatory' reaction In no instance ^vas 
there the sh^test gross or histologic mdication of a more prompt or exaggerated 
hypersensitive inflammation m the immunized rabbits as compared vith the 
controls On the contrary', after the imtial minunal inflammatory' response 
vrhich follovred mjection of the spirochetes, and v hich nc\ er n as more prominent 
m the immunized than m the control animals, the sites of inoculation m the im- 


munized animals promptly became and remamed normal, nhereas the lesions in 
the controls progressed steadily to chancre formation Rich therefore nas led 
to conclude that although hypersensitmty may appear under certam conditions 
unng certam stages of infection m some mdimduals, experimentally' it had been 
emonstrated that acquired resistance m syphihs is not dependent upon by por- 
sensitive in flamma tion, nor does hypersensitmty necessanly' develop con- 
curr^tly vrith acquired resistance Acquired resistance and hy'persensitu'ity' 
am oistmct and unrelated phenomena 

^ recently have presented exudence for the thesis that immu- 
prod^ed different m a n ifestations of the same process He 

folloirme JDimumty and hypersensitiveness m the same animal by the 
the testis ^ remoculated (without ehcitmg a local reaction) 

promptly produ P^’”°^sly mjected, then he remoculated the other side, 
hypersensitiven^nf+N''^^''®,'^*^ pronounced necrosis, suggestmg locahzed 
relative lmmumt^' ^ t^icular tissues Low (123) has considered that “the 

syphihs are protect^ f ^ hypersensitiveness Persons with 

occurs at the seat of ^ection by the local hypersensitive reaction vhich 
locahzed at the site ’ Accordmg to this view the orgamsms are 

reinfection by the aUergic inflammatory response Rey- 
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nolds (165) has, m fact, observed such a locahzation of the oigamsms of raafcc 

RHP fi Tr?’ ^ localization to the immobilizing action of 

specific imtiboies on the organisms by a local antigen-antibodj reac^tion pmb- 
abfy agglutination, as has been obseired in other infections (166) 

A Bxpenmmts of Im 

fuy) and suggest that hypersensitivity may at times influence the development 
ot pathological alterations m the syphihtic host The endence (156, 167 ICS) 
that hypersensitivity may condition the pathological response of the host in 
tuberculosis and other chrome granulomatous diseases lends weight to the posfu 
lated rdle of allergy m the pathogenesis of syphilis In all of these diseases the 
r6Ie of hypersensitiveness is to mtensify the response of the host to the pathogen 
and to act to the apparent detriment of the host The destructive tertiaij lesions 
in syphilis especially have been considered the result of an altered response 
(hypersensitivity) toward the spirochetes (193) It is obvious that considerable 
precise study and agreement on defimtions of basic terminology are called for to 
settle the question of the rCle of hypersensitivity m syphihs 

0 Carrier and relapse stales and vnfedton-tmmnndy 

These phases of resistance to spirochetal infection are important but as yet 
inadequately understood 

Leptospirosis Leptospma usually does not give nse to relapses (219) How 
ever, there are mildly virulent vanants of the organism which do (6) In these 
so-caUed “kurzfnstigen” leptospiral infections m man the fever cune m general 
IS of the same tyqie as that in relapsing fever 

The symptomless earner state often is observed in natural and erpenracnfal 
leptospirosis, usually m relatively resistant species of animals such as mice and 
rats (219) However, individuals of susceptible species may under some or 
cumstances become earners According to T]ong (207) the earner state is es 
tabhshed as follows During the acute penod of the infection the spirochefcs 
pass from the interstitial renal tissues through the wall of the tubules into tbw 
lumen The organisms are then swept into the lumen of the distal com olutcd 
tubules and lodge there because of the weak flow of urme and the tortuositia m 
these tubules The organisms tlien mamtam themselves by muitiphcation t ere 
and are shed contmuously m the urme 
It is well established that the earner of leptospira m the ladneys, w c 
man, dog, or rat, often has a comaderable concentraUon % 

mime bodies (agglutinins and lysms) m the blood and i^e (SO, 1, J 
IS difficult to understand bow the organisms survive m the urme in p 
of antibodies unless the orgamsmi, have undergone lamtio 

no longer homologous for the antibodies However, it 
Uptospm ^idergoes mt.gemc Tafmfon ■» .,/» .1 

The factors responsible for the latent state m y reflections of 

present The relapses due to mildly vmdent stra^ are P 
the mild nrulence with its consequent mild stimul^ to a 
part of the host, giving nse to inadequate immunity to preient ivtop^ 
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apparent meffechvencss of phaEOC>loas ns n dotcn-uc «on,>m, m lrpl..-|..rnM 
my eontnbute further to the uiabthts of the liwlv to end.rnle 111 , i.ife, li„,. 

Mapms Sac, Before eousidermg the po„,l.lc nu chnni-ra- of the n 1 , w - 
m Hus disease, the Ecnerally necepted facts of this phcnonirnon (f.r,, 0, , 1 n, 1 tl) 
vill be stated For comemonce and chrit\ lho\ irc li'-tod 

1 In the course of natural human or aNpcnmontal infections Borr<h i pro- 
produces one or more, usualh se\ cral, relapses 

2 A typical relapse episode is cliaractcnzcd b> the ippcanncc of ory uii'-ms 
m the blood, persistence there for manN da>s, disappc iriiico from tlu Mood for 
a variable penod of daj s and tben rcappcarmcc in the blood 

3 The number of times this episode is rcpcalctl is ^ an ible in diffcrtiit -pccic s 
and dependent on many factors 

4 Durmg each episode the antigenic composition of the organism is diFf nnt 
from that of strains participating in past or future relapses m that ho-t AMi- 
genic variants do not recur (181) IIonc\ cr, all possilde intipeiiic ^ inrlu's nia% 
not appear m the course of an mfcclion 

5 Upon mtroduction mto a suitable host, a single spirochete ma\ iirodiu e ill 
the antigemc vanations vhich charactcnzc that particular str’m during infec- 
tion in that host (181) 

6 The succeedmg antigemc vanants ma\ tend to become wc ihcr in \ inilcncc 
(143) 

7 The relapse strains of spirochetes reappear against a definitoh n«ing liter 
of antibody which is able to confer a considerable amount of immunU> again’^t 
any relapse stram (181) 

8 If the antibody-forming mechanism of the host suffers an\ substantial im- 
pairment, as by eiaily mjections of foreign red cells, the relapse phenomenon maj 
be reduced m number of relapses, or entirclj' alisent , and the host maj undergo 
a violent infection (97) If the animal does not succumb to this ncarh fatal 
attack, a smgle prolonged penod of reaction with organisms in the blood ensues, 
after which the spirochetes cannot be found m the penphcral circulation Oc- 
casionally two severe reactions occur lastmg as long in total duration as the single 
reaction but separated by 1 or 2 negatii e days After rcco\ erj the resulting 
unmvmity is broad m its specificity and enduring m quahtj' 

9 Artificial enses can be produced by mjection of specific antiserum, proi idcd 
1 is acti\ e against a sufficient majonty of the antigemc a arieties of the spirochetes 
olved in the attack (179) 

(97)^^°"^^ sunnvmg organisms are destroyed at the crisis 
oripirSiXSr detected by agglutination or adhesion tests 

bcrfi^aTmToh^” 'elites concept that anti- 
^vhole, the aboi e date Plienomenon (180) However, taken as a 

cepted concept th^rew'^I generally ac- 

lapses m this disease are somehow bound up with antigen- 
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gemc varieties of Borrelm However, it appears that only a verj' small per 
centage of the many organisms participatmg m an attack are capable of accm 
plKh^ this vanation as the great majonty are destroyed at the crisis of the 
attack Presumably the spirochetes which finally succeed m producing and 
gemc vanants are some of those which may leave the blood stream during an 
attack to seek a haven m thebram, spleen or other tissues from lytic antibodies 
Additional antigemc variations account for succeedmg relapses until the capacitj 
for vanabdity of the spirochete is spent Complete recovery then ensues 
It should be stressed that, beyond the stated facts of antigenic \ arrnf ion, (he 
above picture of the pathogenesis of the relapse phenomenon in relapsing fe\er is 
at present far too impressionistic It is difficult to account for all of the facts of 
the relapse phenomenon solely on the basis of successively distmct antigenic com 
ple\es of spirochetes If the relapses are closely dependent upon antigen an(i 
body combmations, how does it happen that these reactions become effeefn c at 
such regularly predictable mteirals? Moreover, how can these antisubstances 
be effective enough to clear the blood stream of enormous numbers of organisms 
and yet fail to be effective against a certain few? Where or hoir do (he fern or- 
ganisms escape destruction? Also to be explamed is the demonstration (hat 
succeeding antigemc vanants tend to become weaker m vmilence and that (hc> 
appear agamst a definitely nsmg titer of antibody capable of transferring im 
muaity against any of the relapse strains Satisfactory ansmers to the e and 
other questions require considerable further study It is a fact, however, that, 
regardless of the vanations m antigemcity or virulence, relapses occur at regular 
mtervals under natural conditions 

Vanous species of Borrelta may become latent m the bram and possihly other 
tissues of experimental animals dunng the mterval between pyreoal attacks or 
after the blood is no longer infective (66) Some workers (143) go so far as o 
state that it is doubtful whether a true cure occurs m relapsing fever, in 
that infection has been eradicated completely from the body This is i cu 
to determme as it seems certam that even though organisms give no 
their presence, they may remain alive m the tissues for weeks , 

The mechanisms responsible for this latency are poorly delineated 
possible mechanisms are the antigemc variation of organisms, m ra 
itat of the organisms (coccoid phase?) and consequent protec nermits 

influences, chS^ electrokinetic potential of the 
them to pass through the blood-bram bamer while antibodies do so onli leo 


This latent or residual infection is the subject of a ^^jents 

the nature of immunity m rdapsmg fever (6^ Asm 
connect the immune mechanism with residual mfec , argu 

--- state IS mamtamed only as long as there is residual infection 


mune 
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ment wiU be discussed more fully m the section on mfcction-immuiut j m jibib'’ 
However, it may be stated here that supporters of tins idea claim that the re- 
fractory penod of immune ammals bears a much closer rclation‘-hip to the dcn.on- 
strable presence of viable organisms m the tissues than to the concentration of 
antibodies in the blood (143) 

Syphhs Relapses which occur m human S 5 *phihs arc often probabh related 
to inadequate chemotherapy vath resultant production of dnig-iT'istaul \anauts 
or to premature treatment before adequate actw c immunity has been c^t ihh'^hwl 
(34, 193) In evtensne expenments on rabbit ‘5\phihs, Brown I'lid Pearce (IS) 
found that the lesions e.\hibited an essentially relapsing character pamllclcd ba 
cychc degeneratiae and agglutmatuc changes in the spirochete'^ In mcw of 
these studies, it is possible that the relapsing nature of axperimciital saqihilitic 
lesions has a basis similar to the relapses in borreha infections — antigenic 1 duiita 
of the spirochetes and the deielopmcnt of lytic antibodies b\ the ho*:! How- 
ever, further study is required to establish this In pothcsis 
Symptomless and lesionless infection with T pallnUnn for many montln, 
particularly' in lymph glands (22, 34), but also in one or more internal organs in- 
cluding spleen and brain (34, 184, 209), occurs m experimental infections of the 
monkey, mouse, and rabbit and probably' m human infection In the mou'^c, 
(208) moculation with syphilitic matenal is usually’ without result, no lesions or 
symptoms develop (208), although the organisms apparently persist and multiply 
in the tissues (208) This may be tied up with failure of the mouse to 
develop much hypersensitivitj' m expenmental infections A similar failure of 
the rat to develop the charactenstic epithelioid cell lesions m tuberculosis has 
been correlated with failure of this species to de\ elop a high degree of hyper- 


sensitivity to the tubercle bacillus (22S) 

There is a great argument as to whether rabbits or man are e\ or cured spon- 
taneously or after treatment m the late stages of syphilis, or whether the organ- 
isms are always latent m the tissues (34) Some workers (34) have presented 
evidence for biological cures m rabbits imder these circumstances Cures with 


arsphenamme and pemciUm apparently are possible m the early stages of mfection 
(222) However, it is known that infection may become latent during any of the 
three stages of human syphilis (193) 

The concept of mfection-immumty has been developed in connection wuth a 
number of diseases protozoan, bactenal, and spirochetal It mamtains that 
^imty m these diseases corresponds to a situation w-ithm the host m which, 
oget er with humoral immunity, there is a latent tissue infection It is a state 
d host and mvader which, like other eqmhbna, may be 

s ur e The parasite does not make its presence very obtrusive to the host 
suriTinri/«l Pf^chcally complete absence of tissue reaction This concept is 

o' (34) The first de 

could srphihtio upes which were refractory to remfect.on 

of eindeace sudootM spirochetes m their mtemal organs The second tj-pe 

ht.rto^ Cluo'r ’"“‘O'* 

ought to have been cured, were at once susceptible to reinfect- 
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tion, whereas other ap^ treated but thought not to haven bee cured remamcd 

efractory Although the first pomt is well corroborated, Chesnc} (34) casts 
doubt on ibe vahdity of the second pomt The crux of the aigument sLs (o 
he m justification of the assumption that animals later shown to be susceptible 
to remoculation had been cured of their first infection by treatment, and that 
those which later proved refractoiy to re-mjection were not cured Recent 
stedies m rabbit syphilis would seem to controvert Neisser’s news and indicate 
that an immnmty not dependent upon persistence of foci of infection maj be 
developed in s 3 T>hihs Treatment late m the disease, when rabbits had bad op- 
portunity to develop active resistance, abolished disease as shown b}' negative 
lymph node transfer experiments, and yet left resistance to remoculation mfact 
(34) Chmcal evidence (34) in man also supports Chesney's ideas Morcoi cr, 
Chesney (34) considers Neisser’s concept as strange m the light of general im- 
munological principles One would hardly expect that resistance acquired ns a 
result of syphihtic infection and great enough to protect an animal against large 
doses or remfection would vanish at once after the first infection had been cbm 
mated 

There are few data to support further speculations as to the mechanisms of 
infection-immunity It is conceivable, for instance, that persistence of organ 
isms in the body might stimulate the maintenance m the penpberal circulation 
of a titer of antibodies adequate to cope successfully with any spirocbcfnl m 
vader These organisms might be more or less tolerated without active reaction 
by the host or might stunulate defensive mechanisms more than is readi/j ap- 
parent However, m the absence of a sohd foundation for the concept it would 
be wisest to defer final judgment on mfection-unmunity until supportive data are 
obtamed For, convement as it might seem for the depiction of the latent state 
m syphilis, the concept of infection-immumty suffers from the same senous lack 
of concrete supportive evidence as it does m relapsing fever 
It IS important to know whether patients with latent syphilis are mfectii e, but 
unfortunately information on the pomt is meager Animal experiments (209) 
mdicate that female rabbits with latent syphihs may transmit the dLseaso to 

healthy bucks . 

It IS of great practical sigmficance to know whether biological cure ol naturn 

syphilis with drugs, that is eradication of infection, results m ^ 

active immunity Opmion on this question is divided (222) It is to be hoped 
that experiments with pemcilhn, an extremely effective 
m syphihs, will provide an uneqmvocal answer to this question (222) 
same tune, the question as to the necessity for persistence of foci of spiroc c 
acquired resistance (“mfectioa-immunity”) may be answered 

H Local and tissue immuntiy 

It often has been claimed that true tissue mmumity JSe 

anliboies nmy be dereloped upon “dechon mlbspmKhete, TM > 
nyplnLs orgMPom (78, 143. 193, 208, 219, 153) Hotveret, Ito u 



1948] 


PATHOGENIC SPIROCHETES AND SPIROCHETOSES 


239 


stantml evidence on vhich to base this claim The evidence for the existence of 
local m the absence of general umnunitj’^ is also weak 

Leptospirosis There are no data to indicate that local immunit}’’ is dei eloped 
m leptospirosis However, Ono (153) reported experiments which suggested 
that a true “cellular or tissue immunity'-” apart from demonstrable circulatmg 
antibodies might be operative m this disease He claimed to have produced a 
high degree of resistance m gumea pigs by subcutaneous, mtramuscular, or mtra- 
pentoneal mjection or peroral admimstration of a weakly nrulent culture 
This immu nity was apparent 24 hours after inoculation and lasted for at least 
16 weeks N o sjTnptoms or histological changes accompamed the immumzation 
However, Stavitsky (185) repeated Ono’s experiments but was not able to con- 
firm the establishment of the resistant state so soon Hmdle (78) attnbutes the 
persistence of spirochetes m the kidneys of rats to “tissue immumty” but pre- 
sents no further evidence for this concept 

Relapsing fever Data on cellular factors m latency and mfection-immimity, 
m resistance to Borreha, have been presented m Sections H D, and G However 
no data have been found to suggest the occurrence of true tissue or local un- 
mumty m the course of natural or experimental infections with Borreha 

Syphilis Zinsser (238 , 239) has conducted experiments which mdicate that 
local tissue immumty and susceptibdity ma 3 ’^ occur m syphihs Twenty rabbits 
were remoculated mto the testes after primary unilateral chancres m these or- 
gans had healed It appeared that the opposite testis could be successfully m- 
fected before, durmg and after the existence of a testicular lesion on one side, but 
reinfection of the same testis which had apparently returned to the normal state, 
at periods from 6 weeks to 1 j'^ear, was unsuccessful KoUe (102) confirmed and 
extended these observations and termed this local resistance “chancre im- 
mumty ” This type of immumty renders animals resistant only m so far as the 
formation of cutaneous lesions is concerned, it fails to prevent mvasion of T 
pallidum mto the mtemal organs (34) Therefore, Chesney (34) regards 
“chancre immumty” as only partial and but a step m the direction of complete 
immumty This partial immuni ty is not sufficient to eradicate the infection but 
sufficient to suppress the multiphcation of small numbers of organisms and thus 
prevent development of inflammatory lesions (34, 51, 222) Chesney (37) has 
presented evidence for the wide distnbution of the resistant state among dif- 
ferent tissues after mtracutaneous mjection m rabbits However, local resist- 
ance might be associated with local formation of antibodies (64) or theur con- 
centration m the local mflamed area (137) On the other hand, more vigorous 
mobilization of physiologicallj’- hj^ieractive cells m a tissue upon second exposure 
to an organism (127), may underhe the enhanced local resistance to infection 
Manifestly, the entire problem of local as distmct from general resistance re- 
quires further careful study 

Until recently, m the absence of evidence for the r61e of humoral antibody m 
syphilis immumty, it usually has been stated that unmunitj^ rests m the cells 
or tissues However, with the acquisition of evidence of several types for the 
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development of protective antibody m sj^ihibs (39, 52, 212, 214, 215) it is onlv 
reasonable to demand that comparable evidence be presented for a concept of 
immumty of cells as distinct from humoral antibodies 


I Diei, fatigue, trauma, temperaiure, and light tn rcmtance 

The maimer m which these factors may influence host resistance is difficult 
to ascertam as they may be actmg upon the microbes, the host, or both 
Leptospirosis There was no discernible eSect on leptospirosis m guinea pigs of 

raismg their rectal temperature to 40-42 C by mcubation m a hot chamber at 
42 C (160) 

Relapsing fever No data vere noted on these factors in relapsing feicr 
Syphilis The data on dietetic factors m syphilis are meager It lias been 
claimed that green fodder protects rabbits to some extent (193), but the factor 
in the fodder is unknown 

It has been claimed that physical stram may predispose man to cardioiasculnr 
lesions, arthritis, aortitis, and other comphcations of syphilis (193) 

Trauma predisposes to syphihtic infection m rabbits in an unknomi nay 
(35, 36) It 18 known that the organisms settle out and multiply profusclj in 
inflammatory areas (36) Whether this is a consequence of increased capilhiy 
permeabihty m the local region (137) or some other mechanism is unknown 
Temperature may influence stnkmgly the course of sj’phihtic infection It 
has been noted that the period of mcubation of experimental rabbit sjpbihs is 
mcreased durmg the summer (193) Artificial short wave fei er ma) dcstroj the 
organisms and cause heahng of the lesions m experimental or natural sjphihs 
(28) The mechanism of the beneficial eSect of short n ave fe\ er m rabbit sjqilo 
hs (28) IS not completely known It may activate the body defenses through the 
effect of heat on the adrenal cortical-pituitary sj’stem m reaction to stress (229) 
Bessemans (11) claims that T pallidum m expenmental infection displa'S a 
predilection for localization and multiplication in those tissues haimg the lower 
temperatures m the body 

In general, the reaction to syphihtic infection is mcreased in proportion 
amount of h^t and the constancy of exposure of rabbits to that hglit (23) c 
mechanism is unknown, but it was obsen'ed that the light modifies the plnsica 
constitution of normal rabbits, and the organs most affected v ere those concern 
with the response to syphilis Brown and Pearce (23) belieie that toe c ec s 
are probably manifestation of functional activity closelj related to cliangcs i 


physical constitution , , 

Ultra-violet radiation lowered the weights of normal and syqihili _ 

(72), but the significance of these observations for an understanding o T 
resistance is questionable 


ra DIBCUSSIOX 

The number of factors trhrch bo 

data presented caution us that we are first re 

mation to start to put together the picture of the pathog 
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actions to infections IseA ertheless, some generalizations from these data w ould 
seem to be justified if only for their heuristic value 
It IS clear from this survej^ of the mam features of the spirochetoses that m 
general the}’’ conform verj' closely to the well-established pnnciples of patho- 
genesis and host resistance m infectious diseases (6, 66, 156, 166, 168, 197, 208, 
236) What, then, is so umque about spirochetes and the diseases they produce? 
Is it true, as Hennci (74) has noted, that “infectious diseases present specific 
earmarks which are determined by the species which cause them, nosologj^ re- 
flects taxonomj’’”? 

There seem to be three groups of pathogemc spirochetes from the standpoint 
of nosology as well as taxonomy (66) The treponemas, mcludmg the organisms 
of sjTihihs, yaws, rabbit venereal spirochetosis (135, 218), and possibly pmta 
(82), are well-adapted tissue parasites showmg highlj' mdindual species adapta- 
tion to man and rabbit (m case of venereal spirochetosis) and givmg nse to m- 
completely developed acquired resistance to reinfection The borrehas are 
blood parasites nhich produce the relapsmg phenomenon most stnkmgly 
They are mamly parasites of lower nniinnk which probably infect man acci- 
dentally Antibodies against them resemble bactenal antibodies m their great 
specificity and concentration The leptospiras infect the tissues and blood and 
are indely promiscuous m species adaptation (139), mfectmg a vanety of lower 
animals and man They produce acute diseases which usually terminate quickl}' 
m death or sohd and endunng resistance to reinfection Of the spirochetes, 
the leptospiras most closely resemble bactena m general biological properties 
There seems to be an essential similant}’' m the pathogenesis and host resist- 
ance m spirochetal infections This s imilnn ty mvolves the cychcal character 
of symptomatologj'- and lesions m these diseases and the parallel cychc agglutma- 
tion and degeneration of the spirochetes, a phenomenon most regularly and read- 
ily observed m relapsing fever In acute leptospirosis there is only one attack 
recoverj’- from which is preceded by agglutination and lysis of the organisms 
However, m a type of hu man leptospurosis caused by mildly iirulent vanants, 
chmcal relapses commonly are obsen’^ed (5) In experimental sjqihihs of the 
rabbit, the concurrence of retrogression of the lesions with degenerative changes 
m the orgamsms have been described by Brown and Pearce (18—21), and com- 
pared to sunilar phenomena m relapsmg fever Human syphilis is particularly 
characterized by a senes of progressive and retrogressive phases 
Eligler et al (100) have suggested that the characteristic antigemc and patho- 
gemc properties of trjqianosomes were conditioned by the predominantly hpoidal 
tjqie of cell low m glucoside, as compared to the usual bactenal cell which is 
mamly glucosidic and low m hpid They cited the tubercle bacillus with its 
high hpoidal content (2) as another example of a microbic cell agamst which im- 
mumzmg antibodies are produced slowly and with diflaculty The similanty m 
the pathogenesis of trypanosomiases and spirochetoses might be due at least 
partly to a common hpoidal Wassermann antigen which has been demonstrated 
m tryqianosomes and spirochetes (226) It may be surmised further that the 
antigemc mertia of T palhduTn and possiblv other spirochetes is a reflection 
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° k content This assumed low antigemcitj of spirochetal limd<; 

rmght be due to their low solubility m body or intracellular fluids and sunilanh 
to anti^ pr^t m normal tissues lliis would be m accord mth the great 
difficulty of obtammg auto-antibodies (120) The failure of hpids to ehcfl an 
Mtive infla^top^ response also might contnbute to their poor antigcnicit} 
I he protective antigens may be subsurface and dependent on breakdown of the 
spirochetal cell to make them aimilable to antibody-formmg cells In line mth 
this idea is the observation that spirochetes have hpid surfaces (144) Slow 
multiphcation of the organisms with low production and slow release of prolcc 
tive antigen may also underhe the meager and slow protective antibody forma 
tion m syphilis The posable relationship of hpoidal antigens of the Was cr 
mann type of nucrobic ongm to the antigemc and piathogemc properties of the 
organisms seems worthy of careful study 
Many authonties (32, 39, 97, 101, 107, 212, 214) agree that on the basis of 
present knowledge immumty m spirochetal diseases seems basicallj humoral in 
nature Chesney (32) states “I doubt that phagocytosis is the primarj element 
m host resistance to syphihtic infections I am much more mchned to think that 
such resistance is dependent upon humoral factors although for a time the 
evidence of humoral antibodies was ml ” Admittedly, the resistance attributable 
to circulatmg antibodies m syphilis seems weak by comparison with that in other 
diseases Nevertheless, at this time it is the only mechamsm of acquired re- 
sistance which has any foundation m experimental studies of sjphihs Ivnl 
schewski ei al (106, 107), on the basis of some of the most recent e'pcnmcntal 
evidence, conclude that immumty m relapsing fever, avian spirochetcbis, and 
syphilis is primarily due to destruction of spirochetes by specific Irfic antibodies 
with phagocytosis of the organisms bemg only an accidental or sccondarj 
phenomenon The importance of specific antibodies m acquired resistance to 
leptospirosis is clear 

There does not seem to be the obvious joimng or cooperating of cells in immune 
activities m spirochetal infections that there is m many bacterial infections (89, 
208, 236) However, m view of the new trends m the studj of the contnbution 
of the host cell to resistance to infection®, a full understanding of the rdle o t c 
cell m spirochetal infections must await further study 
There is no major conceptual difficulty m transposing the pictur^ sptr^ 
chetal resistance mto the framework of antimicrobic resistance The iisic 
factors, antibodies and cells, are the same although emplojed to different cgw 
and m different ways than m other infections There is nothing pa icu a 
umque about the importance of antibodies m spirochetal resistance i ic 
has remarked "In the attamment of her ends Nature inay be pr ^ 
tenaJs, but she is ngorously economical of methods, and in one ' ^ 

another, whether caused by bacteria, fungi, filtrable i^s^ uniqucmc-s 
quired resistance has been found to depend upon . thcspiro- 

would appear to he rather m the abihty of Ijffic J Ambiance 

chetes with bttle or no apparent aid from phagocj'tic cells 

« See references 41, 68, SS, 91, 127, IW. 164. 166. 173, 191, 200, 227, 229 
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between extracellular lj’’sis by antibodies of spirochetes, generally considered 
gram-negative, and similar lysis of gram negative typhoid and cholera organisms 
IS particularly arrestmg One is tempted to suspect a common chemical factor 
for this similanty This idea may be related to the recent demonstration of a 
difference m the surfaces of gram negative and gram positive bactenal cells, 
the former are devoid of a protem-nbonucleate complex which the latter cells 
possess on their surfaces (48) 

Goodpasture (68) m a discussion of the ceU-parasite relationship m bactenal 
and virus infections has noted that “those infectious agents that are able to 

TABLE 1 

Outline of some problems in the study of the mechanisms of host resistance in 
spirochetal infections 

I Parasite factors 

A Morphology and life cycle Significance of coccoid bodies 

B Electrokinetic potential Does it change in sign in spirochetes? If so, how? Im- 
portance of potential in relation to blood-bram barrier and phagocj tosis 
C Methods of accurately counting spirochetes 

D Cultnation of Borreha and T pallidum Growth factors and metabolism, especially 
as related to non-specific inflammation in support of growth of T pallidum 
E Antigenicity and chemical composition Relation to pathogenesis of infection 
F Toxic and agressne substances Presence of hjaluronidase, fibnnoljsm, leuLocidin, 
coagulase 

Cr Tissue tropisms Do Borreha and Treponema exhibit a tropism for bram tissue’ 
E Variation Is it mduced or spontaneous? Does it occur m Leptospira and Trepo- 
nema, and IS it related to relapses and earner state m these infections? 

II Host factors 

A Natural resistance 'What are the mechanisms of age and species resistance? Is 
antibody formation a crucial factor in natural resistance to leptospirosis? 

B Fixed cells How often does phagocytosis occur spontaneously without opsonins? 
C Antibodies Is complement necessaiy for lysis of spirochetes? 

D Hypersensitivity Is it necessary or helpful for operation of acquired resistance m 
syphihs? 

E Mechanism of carrier and relapse states 

F Infection-immunity Is it necessarj for acquired resistance and, if so, how does it 
operate? 

S ■ 

UTVive and persist even to grow, wrthm hvmg cells are most apt to escape their 
antagomstic effect {circulating antibodies') (itahcs by author), and taking ad- 
vantage later of a lowenng of the antibody concentration and other favorable 
factors, then may renew the attack and mdeed infections with these agents 
may be of relatively long durations, and m some cases recurrent ” Thus far 
spirochetes, at least m their characteristic spiral morphology, have seldom been 
noted mtracellularly Indeed, the orgamsms are seen mamly extracellularly 
in VIVO and would seem at most to be only facultative mtraceUular parasites 
The importance of the antigemc stabihty of the microbe to the effective opera- 
tion of acquired resistance should be stressed Antigemc vanabihty is a property 
of the parasite whereby, b}^ a change m antigemcity, it may frustrate completely 
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the Bobdly acqmr^ resistance of the host This antigenic labihty maj render it 

^cultormposabletoactivelyunmiinizeahosteffectively It may account fl!=o 

for the failure of chemotherapy After a non-stenlizmg dose of drug, the n^ 
qmred resistance of the host cannot complete the task of destruction It is 
suggested by studies of Borreha as well as trypanosomes that vanabihtj of 
organisms may mclude the ahihty to change the sign of its electrokinetjc po- 
tential 


As has been noted by others (89), many characteristics of tiypanosoraiascs 
(4, 198, 199) are very much reminiscent of those of spirochetoses The relapsing 
character of trypanosomiases, particularly its connection with the development of 
antigenic vanants and specific lytic antibodies (197, 201) comes to mmd first, 
as it has been considered here as a typical feature of spirochetoses The mor 
phology, serological cross-reactrvity of spirochetes and tiypanosomes (46), pres 
ence of a common Wassemiann antigen (108, 226), positive seta potential of 
some strains of spirochetes and trypanosomes (15, 16, 42), are further mdications 
of a possible biological relationship between these two groups of nucroorgamsms 
Whether this relationship has evolutionaiy significance remains to be determined 
by further mvestigation 

In the field of spirochetes and spirochetoses many problems await study 
Some of them are summanzed m table 1 Interestmgly enough, many of them, 
mcludmg infection-immunity, earner and relapse state, relation of bjpcrscnsi 
tmty to problems of infection and immumty, are being debated also in relation 
to other microbio agents 

In view of the smgular properties already recognized m the biolog} and chem 
istry of the pathogemc spirochetes, the author commends these organisms as an 
mtngumg vugin and fertile field of study for general microbiologists as veil as 
for immunologists 


rv CONCLUSIONS 

1 The pathogenic spirochetes and spirochetoses conform very closely to the 
established principles of pathogenesis and host resistance m infectious disease 

2 The spirochetes are heterogeneous and from the standpoint of pathogenesis 
of the infections they cause, as well as taxonomy, may be dmded mto treponemas, 

borrehas and leptospiras , , ^ 

3 There seems to be an essential similanty m the pathogenesis an 
sistance m spirochetal infections which mvolves the cychcal character o 
matology and lesions m these diseases and the parallel cychc morpho ogic c 

4 0? the basis of present knowledge antibody formation with 
seems to be the most important factor in acqumed resistance m ep 
Phagocytosis apparently is a secondary or accidental phemm^on ^^^abilit'. 

5 Some of the characteristics of spirochetes such as ant ge 

and capacity to produce relapses may be related to them possesion of 
uitous Wassermann type of hpid antigen to spirochcf'’-' ond 

6 The resemblance of tiypanosomes and tr}Tano=o“^“' 
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spHochetoses or the basis of points 3, 4, and 5 suggests that these tn o groups of 
nucroorganisins may be biologically related 

7 The spmochetes must be commended as a virgm field of study for general 
microbiologists as ivell as immunologists 
Acknowledgement The author is verj' grateful to Ruth Stavitsky for careful 
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THE MOST ABUNDANT GROUPS OF BACTERIA IN SOIRi 

H J CONN 

New York State Agricultural Experiment Station, Geneva, New York 

The microflora of soil has been under investigation for at least 70 years, and 
yet there is at the present tune no pubhcation vhich sums up the existing informa- 
tion m a form sufficiently concise to serve as a gmde to any one vho is begmnmg 
research m soil bactenology or who has not had the opportumty to follow the 
hterature on the subject m its year-by-year de\ elopment A begmner m this 
field IS apt to be assigned the task of platmg one or two samples of soil, but after 
the colomes have dei eloped about aU he can do with them is to count the mun- 
bers — a matter of httle sigmficance m sod bactenologj’’ He may speculate 
as to what the various organisms are, and which kmds are of importance, but 
unless he is associated with someone well versed m the field, he has difficulty 
gettmg the information in fairly concise form 

The Significance 0 / Soil Flora Siitdies 

Before gunng much tune to studymg this subject, one is naturally interested 
m the question whether such a study may ha\ e any conceivable present or future 
bearmg on soil problems of a practical nature It must be admitted nght at the 
start that it has no such bearmg at the present tune Most of the soil bacten- 
ological methods that have been pursued m the past have been of an entirely 
different nature, m fact Lochhead with his associates (29, 30) have sometimes 
seemed to offer about the only assistance to the present author (6, 9, 10, 15) m 
his advocacy of the soil flora method of approach Nevertheless, it stfll seems 
that, considenng how much remains to be learned about the general sod flora, 
and how few practical lessons to agnculture have been obtamed from the other, 
more mtensively pursued, methods of mvestigation, practical results may some 
daj’’ derive from studies of the sort outhned here Before takmg up the mmu 
subject matter of the present paper, however, it seems well to discuss other types 
of soil bacteriological mvestigation that have been followed m the past 
InvcMigahons of the nitrogen cycle The importance of nitrogen transforma- 
tions and the probable agency of bactena therem was appreciated m early days 
of bactenologs' , and mvestigators such as Wmogradsky (46), Omehanski (32) 
and Beijennck (1) gave much attention to the special groups — mtnfiers, de- 
mtnfiers, nitrogen-fixmg organisms, and ammonifiers — ^which take part m such 
processes These classic mi estigations were fundamental, and the mfonnation 
thei furnished as to the importance of bactena m sod is today regarded as ele- 
mentar 3 ' They led to the isolation of the legume nodule bactena and to the 
use of these orgamsms for sod moculation — ^which is sometimes regarded as the 
one significant change m sod practice which has resulted from bactenology 

' Journal Paper No 766, New York State Agricultural Experiment Station, Geneva 
New York, \pnl 2S, 1P4S 
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Thcj nlso cxplnmod the rensons for manj agncultural practices, such as crop 
rotnlion, composting, and tlic like, uhich ^^c^c already in use before bacteria 
More knowTi, and thej lia\c taught us improied methods for compostmg or 
green manuring so ns to n\ oid hnrrafu! effects from crop residues m soil 

Iiicidontallj, tlicse carlj im cstigations re\caled so many lands of organisms 
unable to grow on ordinarj media that the plate count was quite discredited 
because it probably represented only a small part of the actual soil flora, and 
there ■:eomc(l no anhd reason for intcnsiae studies of the bacteria that were able 
to develop on such plates 

The Jtcitui-Jj6hms inclhod A natural outgrowth of this last mentioned conad- 
oration was tlic suggestion of methods depending on other principles than plat- 
ing One of the first and most important of these was proposed by Remy (35) 
in 1902 lie made an attempt to determine the ph3''8iological functions of a 
soil b\ jllacing weighed amounts (usuallj 10%) m sterile solutions of known 
constitution into 1% peptone solution m order to measure ommonification by 
dcfermining the ammonia produced in a giv on length of tune, and similarly into 
oilier solutions favoring rcspectivclv the nitnfjnng, demtnfjmg and mtrogen- 
fiNing Inctcna Almost stmiiUancouslv , Hillner and Stormer m 1903 (20) pro- 
posed n similar method, but inoculated with successive dilutions of soil down to 
0 001 mg , and determined the nmoimt of chemical change produced by the 
greatest dilution winch would allow the reaction to occur These tvro methods 
were compared and contrasted m the literature, each vugorously defended by 
Its exponents, but the Ililtncr and StOrmcr method was taken up by few other 
than its authors, while the Remj method, largely because of its advocacy by 
Lohnis (31), came into quite wade use Ldhnis modified the method shghfly, 
chiefly bj using soil extract as the basis of the solution m which the physiological 
tests were made After j'cars of work, pnncipally in Germany and America, it 
became evident that the results obtained did not parallel actual conditions in 
the field, and the method gradually fell into disuse It was illogical, of course, 
because the biological activities taking place m one of these artificial media were 
not necessarily the same as those occurnng under natural conditions 
About the same time that Remy proposed his method, Withere and 
(18, 51) in the United States, developed a similar method It differed ® 
Remj' procedure in that the ingredients whose decomposition was to be sta 
were added to a standard soil which was then stenhz^ and moculated wi e 
soils under investigation Logically this was an improvement over t e emy 
method, as sterile soil presents more natural conditions for the grow o 
bacteria than do solutions Tins method was further dev eloped 
Withers (40) but never came into wide employment It still pre^n , . 
rctical objection that study was being made of a nuxed flora, o w 
different species might predominate under natiunl conditions, an ® 
tico it gave no better correlation with field conditions than di ni.esented 
Remy Lthod It was soon dropped, the more waUingly^ becai^it presented 

greater technical difficulties of analysis than id the ^ examining 

Mtcroscopic methods In 1917 the wnter (/) proposed a method 
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soil (stained "with rose bengal) under the microscope to show bacteria For cer- 
tem purposes the method is mterestmg, but it was never claimed to jueld prac- 
tical results, nor to be of much significance m itself It is not even a satisfactorj^ 
means of countmg bactena m soil, as it requires more numerous bactena than 
those m ordinary field soil m order to yield a fairb' rehable count It has, how- 
ever, contnbuted one pomt of value it has shown that plate counts, made under 
proper conditions, although smaller than total counts of bactena m soil, are not so 
far from correct as some soil bactenologists had predicted 

The method, with shght modification, was taken up by TTmogradskj' (48, 49, 
50), when he resumed soil mvestigations m the 1920’s, and made part of his 
“direct” method of studjung sod bactena He drew unportant conclusions from 
it, to be discussed m the foUowmg pages, but most of his work was with other 
methods The whole of his procedure does not seem to have been taken up by 
anyone else — ^perhaps because it was comphcated, or possibly because his de- 
scnption of the steps was too vague for easy f oUowmg by others 
A more important modification of the rmcroscopic method was made by Rossi 
(37) and later strongly advocated by Cholodny (2, 3) This method is to bury 
a shde (wholly or partially) m sod and to stam the film of microorganisms which 
becomes attached to its surface after a short mcubation, but because its results 
are hard to put on a quantitative basis, it does not seem hkely to be of practical 
value 

Soil deficiency tests One of the steps m Wmogradsky’s “direct” method (50) 
was to mix sod with manmtol and water mto a sort of paste, and to mold it mto 
a plaque, upon which colomes of Azotobacter develop spontaneously on mcubation 
Sometimes these colomes fad to appear, and this was found m many cases to be 
due to phosphorus deficiency m the sod Nearly 15 years previously Christen- 
sen and Larsen (4) had proposed the growth of Azotobacter as an mdicator of 
deficiency of this element, and Winogradsky seemed to have a simpler method 
for thus usmg it For several years, therefore, the method was extensively m- 
1 estigated, m companson mth chemical tests of sod, plant tests, and growth of 
other microorganisms (usually fungi) as mdicators It seemed for a tune that 
one or more of these methods might prove useful, but the final outcome of the 
work has been rather disappomtmg None of the methods for employmg micro- 
organisms as mdicators of sod deficiency has proved pronusmg enough to come 
mto general use 


Present tendencies But for the stimulus which has been given sod bactenology 
bi the study of antibiotics (see next paragraph), one might almost charactenze 
its present tendency as bemg one of defeatism All the above methods have been 
tn m the hope of gettmg practical information for agnculture, but except m 
me or two instances they have been found wantmg What more is there to do? 

o judge by the recent decrease m number of papers m sod bactenology (exclud- 
mg t e subject of antibiotics) the general answer seems to have been Nothmg 
at er than take such a discouraged pomt of view, however, the present wnter 

worthvhde results by abandonmg short^Jut 
me ods, and gomg back to a labonous pure culture study of the general sod 
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flora, m the hope of learning the functions of the bactena, one by one Certain 
cncoiimgcmcnt for sucli a procedure is dc^^cd by considering recent discovenes 
in the field of antibiotics 

Stuilir-; ofanhbwsi -t Of recent j cars an entirely nen aspect of soil bactenology 
Ins do\clopc<l which is ccrtamlj practical— although not agncultaral The 
studies of rieming (17), Diibos (16), Waksman (44), and others have introduced 
the fi( Id of antibiotics This subject is ccrtamlj not soil bactenology m its strict 
sense, and ^ct it is such an important one that it is engaging the attention of 
more soil Inctcnologists than any other field It is not part of rrhat are here 
termed soil flora studies, and \ et the \crj fact that organisms of such unexpected 
practical xnhic as those producing antibiotics ha\e been picked up from sod 
plates suggests that there ma\ be other organisms able to grow on these 
plates, which arc still unstudied, but which maj be of great importance in other 
linfore'-ccn wnis In other words, tho studj of antibiosis mdicates, as nothing 
cho has a cl done, the importance of learning more about the general so3 flora 
Little enough is act known along that line, and the present review is presented 
in tho hope of stimulating interest m this neglected field 


Methods of Classification 

In beginning a sluda of the soil flora, the first consideration must be the classi- 
fication of soil microorganisms into broad general groups Three methods of 
general grouping appear to the author to bo a\ orth considering here classification 
lij botanical groups, classification bj' adaptation to laboratory media, TRno- 
gradska ’s grouping info iijmogonous and autochthonous types Each of these 
methods asall be discussed in turn 

Classification hij hotamcal groups This method of grouping seems the most 
natural to the biologist, jet from tho standpomt of soil bactenology it is not 
necessarily the most satisfactorj’- Such a classification is essentially as follows 


Higher fungi 

Actinomjmetes 

Eubnctcnnles 

N on-spore-f ormers 
Spore formers 


In practice such a classification presents certain difficulties Aside om 
fact that no attention is gia en to function of the orgnnisms^t imo ^ 
recognized that some of tho divisions are not clear cut The Hig er 
(molds) and the sporc-forraing bactena (Bactlltaccae) are easily 
there is no sharp distinction between the non-spore-formere an 
mycctes The typical members of the latter group jj,eager 

enough recognized, but the gradation, through no sharp 

branching if any, into the typical non-spore-former, is so gro 
Imo can bo definitely recognized purposes, the 

Classification hy adaptation to laboratory media P 
soil bactcnologist often thinks of soil organisms as falling 
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those growing on ordmarj'^ media (e g , gelatm, or peptone media) , (6) those re- 
qurrmg special media, or faihng to grow at all under laboratory’’ conditions Such 
a classification does not go very far, but it does have certam very distmct ad- 
vantages It puts the autotrophic bactena (like the mtnfiers) mto one class, 
and the general decomposition bactena (ammomfiers, etc ) mto the- other , and 
considermg the difference m the methods for studymg the two groups, this dis- 
tmction IS of practical value m the laboratory On the other hand, the distmc- 
tion IS no more clear-cut than that between the Actmomycetes and the non-spore- 
formers The term “ordmary media” is far from defimte, and it is possible to 
make vanous modifications of ordmary peptone formulae which can adapt them 
to organisms formerly unable to grow under such conditions Furthermore such 
a classification leaves one m doubt what to do with bactena that grow best on 
some special synthetic medium but do grow after a fashion on ordmary peptone 
agar 

Winogradsky's grouping Probably one of the most significant ideas that has 
ever been mtroduced mto soil bactenology is Wmogradsky’s (50) groupmg of 
soil microSrgamsms mto “zymogenous” and “autochthonous” types It is 
mterestmg that this Russian bactenologist, who m his younger days (46) first 
showed how to grow autotrophic bactena m the laboratory, m his later years has 
contnbuted such an important conception as the distmction here discussed 
The distmction m question is best understood by substitutmg for “autochtho- 
nous” the more familiar term “mdigenous” or even the still more Enghsh word 
“native” This group of mdigenous bactena may be regarded as always nu- 
merous m soil and not fluctuatmg much m numbers, carrymg on activities which 
require no nutnents or sources of energy other than those normally present m 
soil "Wmogradsky regarded them as primarily small cocci — a pomt to which 
the present author (as discussed below) takes exception without, however, ques- 
tionmg the essential vahdity of Wmogradsky'^’s conclusion The “zymogenous” 
flora, on the other hand consists of the actively fermentmg forms which require 
for their actmty’’ mgredients that are qmckly e’diausted, hence these org anisms 
may, under proper conditions, mcrease rapidly to large numbers, and then 
equally quickly return agam to such low numbers as not to be detectable by 
ordmary analytical methods 

This broad groupmg of soil bactena seems fundamental It bears no direct 
relation to abihty to grow on laboratory media, and none whatsoever to botamcal 
groups, but that does not detract from its value Indeed, the very fact that it 
cuts across the botamcal groups makes it possible to use them for further sub- 
dinsions, "vihich proie qmte useful once the fundamental separation of zymog- 
enous and mdigenous types is recogmzed Such a classification •will be fol- 
lowed here 


The Zymogenous Flora 

The z^mogenous tvpes, as above mentioned, are those which take part m the 
rapid fermentatne processes, therefore mcreasmg to large numbers whenever 
furnished -with the special nutnents to which they are adapted, and then, after 
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tilo procc<^s n complete, subsiding to mmimal numbers until another occasion for 
net no Rroiith occurs It can readily be understood that this group includes 
1 hose baclcna u hicii take part m the transformations of mtrogen as well as most 
of t!ie other processes by which orgnmc matter is made available to plants The 
organic matenni in question is not normally present m sod, and when added to 
soil ripidh disappears, it undergoes succcssiac stages of decomposition, and as 
each stage calls for its own tj-po of microorgamsms, it can be seen that its incorpo- 
ration in soil maj stimulate succcssiaclj various groups of 2 ymogenou 3 species 
For practic il purposes iic can dinde this flora mto those organisms which require 
special media for laboratorj cultn ation and those n hich grow on ordinary media 
Orpnnisma rrijuirinp special media Prominent m this group are to be men- 
tioned the iiitnficrs, the nitrogcn-fixing bacteria, and cellulose decomposmg 
organisms All three groups, although among the most important microorgan- 
isms of soil, occur naturallj in such small numbers that they can be obtamed m 
plate culture onl\ after repeated transfers through enrichment media Methods 
in use for obtaining them arc still csscntiallj those worked out m the early days 
of sod bacteriology In Winogradsky (46, 47) and Omelianski (30) The nitn 
ficM arc distinctly autotrophic, and do not ordmanly grow on organic media, 
in fact, it was formerly supposed that they would not hie m the presence of 
organic matter TIio nitrogcn-fixing and cellulose-dccomposmg bactena are 
not autotrophic, ns they require an orgamc source of energy, and they are not 
quite so poorly adapted to ordinary media as are the mtnfiers, nevertheless it 
IS ordinnnh necessary to use special media for their ennehment and isolation 
Among other bactena that fall m this group should be mentioned the sulfur- 
ONidizmg organisms, and the acid-fast forms Tlie latter are specially mterestmg, 
ns some insist (c g , H L Jensen, 24) that they' belong m the genus Mpcobac- 
Icrturn w ith tho tubercle organism Their sigmficance m sod seems questionable, 
since the best known forms seem to be pnmanly concerned m the decomposition 
of hydrocarbons (o g , paraffin), a process which probably is not important m 


ordinary agricultural soils . 

Because of the small numbers m which these orgamsms requiring special m a 
occur m normal sods, little wall be said about them here The 
some of their actmties is manifest, but their study is undertaken m y 
specialists, and the general student rarely has occasion to try to bo e or 
identify them ViTicn such methods are wanted one should consult eren 


cited m text books, as that of Waksroan (43), for instance , , . 

Orgamsms growing on peptone or gelatin media It can be said tha e 

cnoiis types which grow on ordinary bactenological media are 
forms, or at least organisms that take part m the vanous o j^to 

of orgamc matter, oven though not all of them result m its ^ ^ 

ammonia These organisms may be classified according to botanical groups 


°'(a) Higher fungi Thomajonty of the higherfungi 
eferrcd to by the indefinite, but sometimes convenient, term 
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belong to several famibes of fungi, and a great variety of species have been identi- 
fied Pubbcations descnbing sucb forms have appeared m the past, for example, 
C N Jensen (23), Waksman (42, 45) and others (19, 22, 28, 33, 34, 41) These 
forms do not ordinarily appear on the same plates as those designed to develop 
the bacterial flora, because of the predilection of molds for rather acid media of 
high carbohydrate content It is, however, very easy to prepare media which 
bnng forth numerous colomes of such fungi from almost any soil, the chief dif- 
ficulty hes m mterpretmg plate counts m terms of actual mold actmty m soil 
It is generaU}’’ assumed that the great majontj'^ of the mold colomes come from 
spores, and it is obvious therefore that a smgle profuselj’’ sporulatmg fungus, 
even after passing mto an inactive state, might give a higher count than numerous 
mdi\aduals of an actively growmg, but non-sporulatmg fungus It is hard 
therefore to get a good idea of the extent of vegetative myceha m the soil, es- 
pecially considermg that the microscope is of httle help The writer’s most 
commonly employed microscopic method (11) for demonstratmg bactena m soil 
fails to show molds , and although modifications of the microscopic method (7, 8, 
27, 37) have been devised which do show fungi, no one has devised a method for 
puttmg such results on a quantitative basis 
Although we lack the data, therefore, for definite quantitative statements, the 
r61e of fungi m soil seems to be fairly evident Under ordmarj’’ conditions they 
probably exist primarily m the form of spores, but when supphed with organic 
matter (especially vegetable) under acid conditions, or conditions where high 
H-ion concentration can occur durmg fermentation, the fungi become active 
Whether certam species take part m certam stages of this fermentation and others 


m other stages has not yet been defimtely established Presumably that is the 
case In any event, the fungi defimtely belong to the 2 ymogenous flora of sod 
(6) Acttnomycefes Much of what baa just been said about the true fungi, can 
be said for the mtermediate group, actmomycetes The true actmomycetes are 
filamentous m vegetative form, yet colomes on the plates arise m most cases from 
spores, not from filaments The filaments are almost as diflBcult to demonstrate 


rmcroscopticaUy as m the case of higher fungi, although the Rossi-Cholodny 
(2, 3, 36) method does show them m a serm-quantitative manner Actmo- 
mycetes are presumed to take part m much the same kmd of activity as higher 
fungi, but prefer neutral or weakly basic conditions rather than acid 
The numbers of Actmomyces colomes that develop on plates from sod is sur- 
pmmgly constant The writer has plated countless sod samples durmg the past 
40 3 'ears, and has rarely found an Actmomyces count (i e , presumably a spore 
than 5 mdhon or more than 30 mdhon per gram It seems strange, 
mdeed, that a spore count of a 2ymogenous group of organisms should be so large 
an so constant, and it is easy to think of the actmomy^cetes as bemg, rather a 
^oup of mdigenous species Nei ertheless the writer’s considered opimon'is 
hat^^ch although mdigenous to sod m the ordinary sense of the term, are 
not ^ autochthonous” in the sense meant by Winogradsky They are organisms 
osc aegetatne actmty seems to occur only when favorable conditions allow 
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to pcrmmilc nnd to produce mjceba Perhaps weshouldcaU suchsporog' 
cnous orpanibms (molds, actmomycctcs, as weU as spore-forming bacteria) 
mogcnous ' 

It IS mtereslmg m this connection to remark that Winogradsky was iin- 
doii htcdh looking, m part, at Actinomyces spores in his sod preparations when 
lie thought he w ns studj mg the indigenous flora He remarks (50) that the bac 
t( na^of the zjTnogcnous flora are primarily large rods, those of the “autochtho- 
nous” flora cocci Now tlic wnter has examined soils from aU over the Umted 
States, nnd has nc\ cr found true micrococci in any abundance, it seems hard to 
l)olic\c that the sods of France can be ns different as Winogradsky’s statement 
•^cems to indicate Tlic onlv coccoid organisms observed bj the writer have 
been the verj abundant Actinomyces spores and the less common coccoid forms 
(nrthrosporcs?) of the group reccntlj designated (15) Arihrobacter (called Coryne- 
baclcnum b\ Jensen, 24) Accordinglj it is not impossihle that a large part of 
the “autochthonous” forms seen by Winogradskj under the microscope were 
ncliiallj Actinomj CCS spores 

Species identification among this group has prov ed difficult More will be 
said about this m the later section of this paper deahng with methods of identi- 
fication of common soil bnetena 

(c) SpoTc-formtng baclcna Most promment among the spore-foiming bac- 
teria m sod are the strongly protoolj tic species, BacQUts ccreus, B myemdes, B 
virqalltcnum, nnd one or tw o others These forms are the most common rapid 
gelnt in-hqucficrs of sod ongin and have been found by the wnter (5, 6) to com- 
prise about 10% of the colonies that develop on gelatm plates moculated with sod 
Other non-protcobiic or less strongly proteolytic spore-formers exist m sod, but 
are infrequently found on ordmnrj' plates To demonstrate their presence it is 
ncccssarj' to heat the sod (or soil infusion), before platmg, to a temperature 
sufficient to kill vegetatn c rods These last mentioned types are therefore rarely 
encountered by the student of general bacteriology 
Ev cn before Wnogradskj' proposed the term “zymogenous” and pomted emt 
the significance of that part of the sod flora, it was realized what must he f e 
function of these spore-formers It was pomted out (5) that the great constaMy 
of bacterial spores, wuth but rare occurrence of vegetative forms, must mean 
those very active protcolj'tic species remnm normally m sod m inactive orm, 
germinating and multiplying for bnef penods onl}’- when supplied wi 
nutnents In fact, it was apparently the present wnter’s concepfaon o e a 
tivitj of spore-formers which suggested to Winogradsky that other 
might act similarly and hence comprise a zjmogenous flora The concep i 

now generally accepted ns correct tliDrouehly 

Spore-formers Imve been studied from the taxonomic angle 

than any other sod forms There is still some dispute identifica- 

lincs between species in this group, nevertheless, it is twe that sj» j^^tena 
t ion 13 easier among them than in the case of any ot er group below (p 
Methods for the identification of the most common species are gi 

267 ) 
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(d) Non-sporc-Jorming hacleria Apparently the bulk of soil bacteria (at least 
so far as concerns the flora developmg on ordinary' plates) do not belong among 
the zymogenous types Almost the only non-sporc-formers of the zymogcnous 
typQ are the fluorescent pseudomonads They may constitute a single species 
{Pseudomonas fluorcscens) or a group of closelj' related species The nTiter pre- 
fers to regard the forms as compnsmg a smgle species, varjung enough in its 
chromogenesis and other biochemical features so that mdi\ idual strams are often 
described as separate species It is one of the most strongly protcolj^ic types 
m soil, hquefymg gelatm so rapidly at temperatures of 20 to 22 C that one colonj 
may well hquefj’’ a whole plate of gelatm unless the temperature is kept at least 
as low as 18 C TJnhke Bacillus ccreus and related spore-formers, Pseudomonas 
Uuorescens can fluctuate verj* greatly m plate count, low on one day, high on the 
next, and absent entirely on the third day This fluctuation, naturall}', is due 
to its lack of spores or other restmg stage TNTien its special nutnents are lacking, 
it must decrease rapidly to a mere minimum, and its numbers become too small 
to diow on plates as highly diluted as must be employ, ed to pre\ ent o\ ercrou ding 
by other forms 

Pseudomonas fluorescens is qmte easily distmguished on gelatm plates, although 
one must not look for its tjqncal fluorescence under such circumstances The 
identifymg features will be discussed later 


The Indigenous Flora 

In contrast to the 2ymogenous flora, the mdigenous types are those that mam- 
tam fairly high and quite constant numbers, without shornng appreciable in- 
creases or decreases according to presence or absence of special nutnents Their 
exact function m soil is not fully understood, m fact they have often been neg- 
lected by students of soil bactena The present wnter has always given much 
attention to them, chiefly because of the mterestmg speculation as to what rfile 
might be played by such numerous but unspectacular orgamsms Although this 
mterest began many j'-ears ago, it must be confessed that assignmg a r61e to them 
is still largely speculative Domg so is difBcult for two reasons their constant 
numbers make it impossible to correlate numencal fluctuations with defimte 
activities m the soil, and when isolated and studied m pure culture, they prove 
to have so few positive biochemical characteristics that it is hard to assign any'^ 
own chemical transformation to them They seem to utihze practically the 
s^e nutnents as higher plants, e g , mtrates and ammomum salts, and probably 
ej^ mamtam a low level of activity m soil, utihzmg soluble forms of mtrogen as 
ej are pr uced by the ammonifiers and mtnfiers Conceivably therefore 
ej may as nvals to higher plants, smee they draw on the same sources of 
ni > SE nvalry cannot be senous, however, as bactena are short hved, and 
arc rea y ecomposed on death of the cells It is even possible that their pres- 

^ preventmg the leachmg out of soluble mtrogen 

when there are no plants to utihze it 

fermentative reactions makes it difficult to classify them 
because they are so much alike physiologically Furthermore, considenng thS! 
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n. Ijochlicnd and Tajlor (29, 30) remark, they are “phj^ologicaUy unstable- 
one has a prohlem of classification about as difficult as presented anywhere among 

)S< Iona Almost (he onlj progress tliat lias been made m the way of clasafica 
I ion ln>, licon on the basis of morphological features On the basis of morpholocy 
uo mnj consider four groups as follows 

tc/inomycffo'! As stated nbo\c, true netmomjeetes (of the genus Streplo- 
mi/rff) mm or ma> not be indigenous, and the writer prefers to regard them as 
prohabh zimogenous PossabK some species may be zvmogenous, the others 
indigenous, but since species difTcrcntmtion is still too difficult to promde much 
idea as to tiic roiativ c abundance of the difTcrent species under varying conditions, 
uc cannot be sure Tlicir spores arc almost \mi\ersally present in large num- 
bers, but there is good reason to bebete that they become active only on speosl 
occasions 

Arlhrohacln aprcics There nrc large numbers of forms present m sod which 
nrc intermediate between true bacteria and true actmomycetes, they are 
somewhat pleomorphic, showang rod-shaped, coccoid, and mycehoid forms 
Jensen (24) called them species of Corynchactcnum, Krassdnikov (26) of Myco- 
hactenum 3'hc writer has not accepted cither of these proposals to place them 
in genera which nrc tjTiicallj pathogenic, and ongmally named the most promi- 
nent species (in the soils studied) Bacternm globjformc More recently m col 
Inboration with Miss Dimmick (15) the proposal has been made to amend 
Pischcr’s name irlhrohadcr (ongmally a nomcn nudum, i e , a genus without any 
species) to include these forms Tlicsc Arthrobaclcr forms resemble actmomy- 
cotes onU m their occasional production of short myceha, in tvpe of growth they 
arc like ordinnn bactenn Tlioy produce very small (punctifoim) colonies on 
agar or gelatin media, and can be distinguished from the following oigamsms 
onli bj isolation and stud)' to deferrame whether the t)'picaJ morphological 
changes can be obson ed 

Non-plcomorphxc non-sporc-fomnng rods {Agrobac(crntm) There is a group of 
non spore-forming rods m soil, essentially hke Arthrobaclcr m physiolc^, but 
differing from it in showing no tendency toward branchmg or coccoid 
They were originally thought to bo close to Alcabgcnes, because of their a i^ 
to produce acid or gas from sugars, but pomtmg out their difference, 

(1 i) subsequently proposed the genus Agrobactcrivm to include them T e 
species of tins genus is Agrohactcriurn lumcfacicns, a plant pathogen, an i 
Icnown non-pathogenic species is Agrobactenum radwbacter which ^ows mu 
superficial similanty to the legume nodule bactena {Bhirdbinm, sj^ ) ® 

of Agrobactenum radiohaclcr from soil usually requires special 
are on almost any plate from soil numerous coJomes of bactena that un ™ 
belong to the group, although they have not been given ^ 

of lack of positive chnrnctenstics on which to base specific oistm 
still uncertain w'hether few or many such species exist m the 

Micrococci Mention should be made of this group ere ^ymogenous 

docs not regard it ns an important part of either the ^^observa- 

floras It must be mentioned because Winogradsky, from microscopic 
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tion of soil, concluded the “autochthonous” flora to be made up pnmanly of small 
COCCI The present Tvnter, however, has found true cocci so rarely m soil as to 
he very doubtful whether those few that are found on the plates are of actual 
soil ongm Time and time agam, however, cultures have been isolated from soil 
which seem to be micrococci when first exammed , but after contmued study it 
has been learned that theu earhest stage is a rod form, and it has been concluded 
that they are actually Arthrdbader forms, the coccoid stage of vhich bears a 
stnkmg resemblance to a pure culture of a micrococcus After havmg this e\- 
penence repeatedly, without eier observing a strain which is always coccoid m 
form, m young as weU as in old culture, one naturally acquires considerable 
skepticism as to the occurrence of true micrococci among the mdigenous bactena 
of sod Accordmgly this group is mentioned here, merely to dismiss it from fur- 
ther consideration 


Methods 0 / Identification 

One of the mam objects of this paper is to assist students m sod bactenologj’' m 
identifymg the members of the general sod flora which they cannot help but en- 
counter if sod IS plated on gelatm or agar media The remammg section of this 
article deals with that subject It must be recogmzed m advance, however, that 
the flora developmg on such plates are only a part of the total sod flora, and may 
not compnse the most important bactena This statement is so true that the 
majonty of sod bactenologists regard plate counts of sod as of no real significance 
Nevertheless, the platmg of sod is stdl an mterestmg procedure, a prehmmary 
step toward the isolation of pure cultures, and the study of such pure cultures m 
relation to sod actmties may eventually solve soil problems that are stdl bafidmg 
Accordmgly it seems well to summarize the information now at hand which 
helps m identifymg the organisms developmg on such plates 

Methods employed There are numerous media that may be used for platmg 
sod when the object is isolation of members of the general flora, but two condi- 
tions must be mamtamed httle orgamc matter m the medium, and low tempera- 
ture mcubation Peptone media are specially unsatisfactory, as peptone permits 
the oiergrowth of spore-formers and proteolytic pseudomonads which prevent 
colomes of the more common but slowly growmg bactena from developmg The 
same unsatisfactory result occurs if mcubation is earned on at temperatures 
higher than room temperature If gelatm media are used, no nutnents should 
be added other than the salts normally present m tap-water, and even the tap- 
water maj be replaced bj’’ distilled water without appreciably lowermg the count 
agar is employed, nutnents must, of course, be added, but m addition to 
mmeral salts it is well to mclude no more than 0 1% of glucose and a similar 
amount of some ammo acid, ammomum salt, or mtrate Vanous formulae for 
sue agar media hai e been proposed, each havmg its own advocates among sod 
acteno ogists, apparently about the same flora develops on any of them, and 
apparrat j about the same counts are obtamed, provided mcubation is long 
^ enough temperature Gelatm plates should be meubated 
a G , agar at not o\ er 25 C Gelatm plates usually must be studied on about 
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the fifth to Fo\ cnih dn> , ngar plates maj be incubated 10 to 14 days and it is 
Wlenlr"^ ’ " ° the most nmerous Ifl 

Wh-n tlie mMhum h to be employed for the isolation of pure cultures for study 
the w nter prefers 12% pchtin, m tap or distilled water, pH 7 0 This medium is 
preferred because of the larger number of bactena that may be recognized from 
their colonies No one denies the obanous disadvantages of gelatm, chiefly aris- 
ing from tlie danger of rapid liquefaction destroymg a whole plate or at least the 
greater part of it This liquefaction, howca cr, is much less m tap-water or dis- 
lillcil \satcr gelatin than in nutrient gelatin, and may be further mmimized by 
iiicuhation at 18C Tins Ion temperature is much easier to secure under modem 
incthod-i of temperature control than it was formerly, when it is employed, and 
sK pi itos (three of about 1/100,000 dilution and three of 1/200,000) are poured, 
It IS rare that tlicrc arc not enough satisfactory plates for study after five days, 
and incubation for sc\cn days is often possible The disadvantage of gelatm is 
oiitlialanccd, m tiio v\ ntcr's opinion, by the largo number of types of colomes that 
can be distinguished in it 

riic mwlium used for isolation may be almost any nutrient agar, as practically 
all the baclcna developing on any of the abovre mentioned platmg media wall 
grow on it Isolation presents no difficulties except m the case of the numerous 
piinctiform colonics in gelatm which sometimes fail to grow when fished by the 
ineypcnoncwl laboratory worker, for these orgamsms a useful techmo is to em- 
plov a needle vvath a flattened point, and to pass the pomt around the colony 
once before the wire is completely cool, thus mcltmg out a small block of the 
gelatin vv liicli can be lifted out bodily on the flat end of the vnre and transferred 
to the agar slant Other points of technic to be observ ed will become evident in 
the following directions 

Classification of colonics Sev cn tynpes of colonies can be recogmzed on gelatin 

^ A Hargc, liquefy ing, rhizoid to my cclioid (Typical B mycoides K colonies ) 

B Rather large, liquefying, wath a granular pelhcle which often shows con- 

centno stnicturc (Typical B ccrcus R colomes) 

C Rather small, liquofynng, wath a white flocculent center si^und J 

clear 7 ono (Colony of B mcgaihcrivm and the S forms of vanous spo 


D 


E 


F 

G 


formers ) , „ „n»ie 

Small to very' large, hquefyang, stnictureless and qmte 
colony being capable of liquefying the entire plate given 

tunity (Ty-pical Pseudomonas /fiiorcfiCCTis colonies) , 

Under 3 mm diameter, non-liqucfying. hard 

tons margin under low power of microscope, surroundea ov 
(Certain Slrcptomijccs colomes ) ^nlnmes ) 

Like E but without the browai Mo (Certain as 

Piinctiform, non-liquefymg, of soft AgroUcienum 

showai under low power of microscope (Arlhrohaclcr ana Age 

colonics ) 
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Of these seven types of colonies, the last three may mclude as much as 90% 
of the colomes on the plates Types E and F are the actmomycetes {Sirepto- 
myces) colomes type G, vhich cannot be distmgmshed from F mthout touchmg 
mth a needle or examination under a microscope mcludes the Arthrobacter forms 
and the non-pleomorphic non-spore-formers (Agrohadenum) which make up a 
large percentage of the mdigenous flora 

Occasionally other types of colomes may be encountered, conspicuous because 
of red, yellow, or orange chromogenesis None of these is common enough to 
deserve special mention, however, except for an orange hquefjmg colon}’’ (often 
10 to 20 rmn m diameter) which, although usually absent, may sometimes be one 
of the most numerous colomes on the plate, the writer has identified it as prob- 
ably Pseudomonas caudatus, ongmally descnbed by Wnght (52) m 1895 
Before gomg ahead with a key to the identity of orgamsms de^ elopmg on such 
plates, one pomt must be emphasized Bacteria growmg on gelatm, or such agar 
media as those mentioned, are so numerous that, to prevent overcrowdmg of the 
plates, soil must be diluted 1 to 100,000 or more It is obvious that bacteria oc- 
currmg m numbers of 100, 1,000 or even 10,000 per gram are aU but excluded from 
such plates, and if then colomes do appear they cannot be told from chance an 
contaminants, yet orgamsms occumng m the order of 1,000 per gram may well 
have an important r61e m soil activities Thej’ are excluded from the present 
account not because of failure to reahze then presence and possible significance, 
but because they are not encountered m the ordinary platmg techmc 
It IS theoretically possible to obtam by platmg methods any desned organism 
or group of organisms occurring m these smaller numbers m sod, by devismg a 
special medium adapted to the bacteria m question but preventmg the growth of 
the more abundant forms For example, certam special platmg media for 
Agrobadenum radiobader have been devised (21, 36, 38) by which it is possible 
to secure this organism dnectly from sod, at ddutions of around 1/10,000 This 
organism also grows on ordmary media and presumably is responsible for an 
occasional punctiform colony appearing on them, but is easdy overlooked, special 
media have been devised for it only because it is a particularly mterestmg species 
due to its close relation to the legume nodule organisms Obmously, there must 
be many sod bacteria of simdar frequency that have never attracted sufficient 
mterest to have special media devised for them All such organisms have to be 
omitted from the present surrey of the field 

Key to predominant groups and species 
Gelatin colomes rapidlj liquefying 

glomes rhizoid or filamentous to naked eye R forms of Bacillus mycoides 

Colonies ivith granular pellicle winch is often 
concentricaUj ringed E, forms of Bacillus cercus 

Cmonies with a small floe of white granules at center May be B megatherium, or the 
S forms of B cercus or B mycoides To distinguish between these three, moculate 
into standard peptone agar slants 

Growth smooth, soft, With a tendency to become a dirty pmk Rods usually oier 
1 P in diameter, spores about 1 2-1 5 n, chains of spores or sporangia rarely 

Bacillus megatherium 
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Growth rolorlc-s smooth. Po(t, ,f rcm.n.ng m the S phase, but wnnUed membra 

Groalh snmo ,f rcittn.tt.nR.nSphasc, but rh.eo.d if rovennon to R form 1 ^'^ 
nirrrd MorpholoRi cwctlj hkc B ccreus b mvcotda 

Note ^mith (10) luMste tlmt D mveotdes la onlj a vanelj of B cereut Itucn 
tamh trim llmf IhetrS phases ore indistinguishable 
Colonies \ er\ large, if full growth has taken place, smooth and structureless, with only 
a minimuni of cloudiness Pitudomonas fluomtm 

A oic riuorc^ccncccftn ii'UftUj bctlcraonBlralcdbj tranafemngto agarslttnU, 
espeeialh if nitrate is present Absence of fluorescence, however, isnot 
^ a character of diagnostic importance 

Gelatin rnlomes small, u ith little or no hqucfaction 

( oloiiles \ar\ing in sue from pimctiform to about 3 ram, hard to the touch, with fila 
nicntous margins a.s shown under low power of microscope, often surrounded by 
brown halo (The larger colonies all easily rccogmrcd, but those too small to permit 
deiiionstrntinii of the t\pieal tough consistency require careful nucroscopto exanuna 
tioii to lie sure the\ licloiig here ) Streptomyca spp 

Note There ma\ jiossibly be more recognirable species in this genus than m 
nns other group of soil bacteria, act species identification is difficult, 
and at present is attempted only by specialists of the group Distmc 
tions Iwtwecn species arc based on (o) certain morphological features 
which are diflicull to describe precisely , (6) chromogenesis Chrome 
genesis IS the most sinking feature, and is frequently of real diagnostic 
\ nine, but it must bo used with caution, because the pigments produced 
are ordinnriK pll indicators, and to use then for species distmction one 
must either control the final pH, or at least take pH into account Be 
cause of t hose diflicult ics no key to tho species of this genus is given iere, 
although tlierc are 73 of them listed m tho Sixth Edition of Bergeys 
iMaminl 

Colonics iisunlU punetiform practically notorovcr2mra,8oft,andwithentireinargm8, 

as show n by low power of the microscope Tlieso comprise partly simple non-spore 
forming rods ( Iprobortcniim) and partly Arihrobacter types To distingm^ 
between them, slant cultures should bo made on standard agar, and 
scojiic proparations made for 4 or 5 daxs From tho appearance of these e 
lowing two groups can he recogniacd 

nemaiiiiiig conlinuousU in rod form or sometimes oval in spp 

Nolo Tlio few dofinitch named spooies in this genus, 4 ojiji 


plant pathogens, are not Bufficionlly abundant in sod to 
nary iilates There are always however. species are 

colonics of unnamed species, perhaps one, or two, or 

Appearing n^rods for 12 to 4S hours and then becoming spheHcak^^sp’i^®"'^ 
bodies (lormod oystitcs by Jenson) are found, and one another 

liquid media These Arthrobaelcr epocies may l» „ .j^nce of yellow 

by tho cortnin morpholopcal foaturos and by tho . j among the pre 
chromogoncsis Tho two species which the '^'‘f'’-““„^]arin morphology 
dominant soil forms aro both non-ohromogonio and are so ^ 
after 3 or 4 day s on ordinary agar ns to appear ’ Uow and shows 

xxoll known but apparently loss common form, A ft found commonly 

ooiisidorablc morphoIogioaU anntion in such cu ores 

in soil by tho writer may bo distinguished as foUows 
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■With diastatic action on starch, as shown bj starch agar plates 

Arthrobacler glohiforme 

Showing no diastatic action on starch agar plates Arthrobacler simplum 

This key is very crude and perhaps over-simphfied It is not intended to 
permit the identification of everj’’ organism that may be found on plates from soil, 
m fact, it IS not mtended as a complete key to species of even the predommant 
types (as evident from the above “note” under Streptomyces) It is offered 
chiefly m order that a begmner m soil bactenology may employ it to find his way 
mto the field and to get some idea of the identity of the forms he is most likely to 
encounter 
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PROFESSOR HERBERT mLUV:M CONN AND THF. I-OUNDING 

OF THE SOCIETA'' 


n J CONK 
Genera, Aeto 1 or/ 

In December, 1898 that is, just 50 jearb ago this coming m inter — three mem- 
bers of the Amencan Society of Naturalist*!, at a Ncm York meeting of that 
Society, met together informally to discuss the question whether a soclct^ ‘speci- 
ally dedicated to bactenologj as a science was called for in this countrj As a 
imtter of fact, bactenology as a science was a new idea in tho'^c dajs, it was 
c y as an adjunct to pathology Tlic public had heard about 

ger^ , ut youtoldalaymanthatjou wcrcahactenologist, you would geta 

iri °° ■''hereas if you had said chemist, botanist, or zoologist, there 

miDcf. ®®™P^^6nsion of your occupation Of the throe men m 

^ general biologist, the other two pathologists llie chief 
anneal hnihJ '''‘hether an organization w as needed w Inch w ould 

fn-medical men who were interested m bactenology 

M-ere mterested the^^vL^i^ef 

there mieht be otbarc i ^ broader aspects of bactenology and felt that 
The three men were A P iku li 

Jordan of the Univenafv nf University of Pennsylvania, E 0 

leyan Umveraty Of the ^ 

it is of him I -wiRh CT, 1 7^ ^ ojil-urally know the last-named best, and 

T j /. ™ speak today 

i judge from comments of otho 

that he was m many resn more than from my owm recollections, 

5 'et suffenng much of his hf ^ man He was an energetic orgamzer, 

■^as an inspinng teacher infenonty complex He 

m other words, he was un^ |'®hrmg m his ways and not at all gifted socially, 
subject, and then he could b i ^ ^ much unless he thoroughly knew' his 
Eonal and pubhc hygiene ahk He was an outstanding advocate of per- 

^hat he preached He had f ^ ^ vay's he often failed to practice 
cies m which he was mterest^'^ character sufficient to put across those poh- 
pt up and leave the room f ’ hated argument that he would often 

c was mspirmg to his stud became argumentative Although 

s choice of a profession ^ apparently so afraid of influencmg his 

^ cn I Mag ^ t he almost never mentioned bactenology to me 

w anted nothmg more than ^ many years later that I reahzed he had 

c aracter, and I sometunpR ^ follow m his footsteps He had a complex 
® c aracter than his student seemg him m his daily life, I knew less of 

‘ ^phfication of p ^ laboratory 

psts at Its Porty-eightjj delivered before the Society of Amencan Bacten- 

^leetmg, jSIinneapohs, Minn , May 12, 1948 
275 



276 


H j com 


[roL 12 


Years ago I was urged by one of his students to wnte his biography, and I re- 
phed ttmt I did not know him weU enough Indeed, I have undertaken this 
sub;ect for my address mth some trepidation, the only reasons I now feel capable 
01 bandhng it are that certam dianes and reminiscences of his, which had long 
been lost, came to hght a few years ago, and m addition to reading them I have 
been havmg considerable correspondence of recent years with former students 
and associates of his 


Probably most of us are famihar with the famous stoiy of Pasteur, telling how 
at a dinner he called attention to the importance of washing the germs off the 
fihns of grapes before eatmg them, and then later sbsent-mmdedly drank the 
water m which he had washed them I do not think I ever knew my father to 
do that, but he would lecture repeatedly about the dangers of the common 
dnnking cup — and then promptly use one himself the next time he wanted a 
dnnk while m a pubhc place He used to hate screens and screen-doors worse 


than flies, and my mother was forever having to shut them after him, so, when 
the connection of flies to typhoid was brought out, I thmlr he was upset mostly 
because it gave my mother an unanswerable argument as to why he should not 
leave a screen door open As a matter of fact he was somewhat fatahstic where 


matters of his own health were concerned, and many a recollection we members 
of the family still retam mdicates that he regarded the rules of hygiene he taught 


as applying to others but not to himself 
But it was an entirely different attitude that made him a good teacher It 
was partly because be bad very human ways that endeared him to his students 
Back in the days when college professors were supposed to be distant, dignified 
and immaculately dressed mdividuals, he was anythmg but that Had he hved 


in this generation he would have dehghted m the informal attu^ that is permissi 
ble so much of the tune , but he did his best, for those days His unconcern about 
the appearance of his clothes was a matter of much distress to my mother, but I 
do not think his students thought any the less of “Herbie” (as they used to call 
him, sometimes almost to his face) on that account She was particularly mor- 
tified one mommg when, after he had been gone an hour, one of his studfflts came 
to our house, "Prof Conn came to work this mornmg” he informed her' withou 
his collar and necktie, and he sent me here to get them for him ” I imagine 
her feelings With the stiff shirts of those days, the lack of a necktie alone wo 
have been conspicuous, presumably too he had been to chapel, as t e co ege 


day at Wesleyan always began with chapel services! 

So the boys must have thought of him as a much more human person n 
average professor Also he could be inspmng He might come mto e a 
tory some afternoon where three or four etudente were woriong, pcrc . 

the desks with one foot up under the other knee, and begin givmga ve^ 
lecture The boys would usuaUy stop their work because ^ew ^ ^ 

mg to hear somethmg mterestmg, and besides they suspec^ student’s 

courses less stress was laid on the amount of work 

mterest m the work Perhaps he might if Ift Tp tad seen and points of 

and, If so, he was always full of anecdotes about the men he bad seen an p 
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technic he had picked up from them Almost mvanably he ivould pick out of his 
pocket a small pad of paper with loose sheets tom off and attached to it by a 
rubber band You see, he had the habit, whenever he heard anjdhmg that 
might specially mterest someone, of wntmg that fact on a shp of paper from this 
pad under the name of the person to whom he mtended to teU it He kept the 
shp tdl he had done so, and then would throw it away This pad with its at- 
tached shps became well known to his students and associates 

Another strong feature of his as a teacher was a way he had of dnvmg a pomt 
home In a lecture, he would pass rapidl5 over the details which he knew would 
be promptly forgotten even if his students took the trouble to learn them, but 
would stress and reiterate the fundamental pomts, even though they were so 
elementar}'’ many of his hearers knew them m advance hlost often he would 
repeat himself m different language to avoid monotony, but sometimes he would 
even repeat the words Professor Buddmgton of Oberhn relates somethmg about 
one of the lectures which he says amused bun greatly He was an associate of 
my father’s for several j’^ears and used to sit at the back of the room through 
aU the lectures so as to know where to take up a subject if he were suddenly called 
on to substitute for the regular lecturer In one lecture on foods, the different 
values of protems and carbohydrates had been discussed and he drove home his 
conclusions by commg out emphatically with the practical advice “So gentle- 
men, remember, alwaj's eat meat with your potatoes' Meat with your potatoes'” 
Professor Buddmgton saj’s he was much amused to see that every boy m sight 
of him, however httle attention he had been paymg, wrote m his notes “Eat 
meat with potatoes” Probably they had done that every day of their hves, 
but he had emphasized it m such a way they were unlikely to forget the under- 
lymg physiological principle 

This tendency to be repetitious undoubtedly helped him in his teachmg, but 
m his wntmgs it sometimes became tiresome, and my mother who edited most of 
his books, had to cut out a good deal of it OccasionaUj^ it would even provoke 
a smile on the faces of his students, as when he would descnbe cocci as “httle 
round, sphencal balls” 

By the tune Professor Buddmgton was at Wesleyan, mj' father’s courses had 
become verj-- popular , he not only knew how to talk with students m an mspumg 
way, but he also had a somewhat ongmal theory as to a teacher’s function which 
was brought to mj’- attention by two thmgs he said to me while I was m college 

Once, for instance, I asked hiuL -why elementary" physics was reqmred of all 
but classical students, but no courses m biology" Didn’t he think biology as 
important as phy-sics? “I would not want any" required course m biology,” 
he ansv ered ‘You may" notice that the elementary- classes m biology- are almost 
as large as if they- were reqmred subjects I try- to make them mterestmg enough 
so that most of the students will elect them And I think they- remember more 
of what they- learn m my- classes than they- would if they- had to take the courses ” 
Some y ears later the faculty- voted for a reqmred course m pubhc health, with 
Professor Conn as teacher He began those lectures with some trepidation, I 
thmk, for he wondered if he could keep his audience interested m a required 
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coui^ Ho managed to, and he told me, with much dehght, what rapt attention 
the faces registered and how he was usuaUy kept 20 to 30 nunutes after class 
ansn enng questions by men who came up to the desk when the lecture was over 
Another tune, I gave him a piece of mformation which I had picked up from 
my friends m college, and which I thought would surprise and shock him “Do 
you know,” I asked, “that your lecture courses m evolution and elementary bao 
tenology are selected by the men who are huntmg for ‘snap courses’?'" “I don’t 
doubt it ’ was his calm reply “1 make those two courses easy intentionally I 
put mto them ideas I think all students ought to know, and I want as many to 
take them as possible Even though they take the courses just to avoid hard 
work, they learn somethmg, and I think that does more good than it would if I 
made the work so difficult only the best students would elect the courses " 
That, m a nutshell, w as his theory of teachmg The elementary courses should 
bo given by the best lecturer m the department and made attractive to everyone, 
the advanced courses, however, should be adapted to the best students only, 
and those electmg them should be expected to do hard work 
I have tned so far to give some idea of his character, I do not think this the 
occasion to go mto detail about his career I do feel, however, that I should say 
a little about his early life to show how he became specially mterested m bacten 
ology, and hence in foundmg this Society 
Although he seemed to be a healthy and very energetic man dunng the prune 
of his hfe, he had been a sickly boy — with what complamt no one knew, and con 
sidermg that he finally died of heart failure, it is not impossible to conclude that 
lus comparatively short hfe may have been due to the then unrecognised eondi 
tion of rheumatic fever in his boyhood However that may be, his early illness 
had quite an effect on his life because he was soon taken out of pubhc school, ana 
at the pnvate school where he did go, he failed to get the contact with other 
boys that was more normal for one of his age He liked school well enough, an 
the harder he had to work, the better, the one thing which bored him most a 
(School was not havmg enough to do, smce he could leam a lesson so much more 
qmckly than any of the others His greatest pleasure was reading cj’ea 
nearly everythmg he could get hold of m the small pubhc librarj of s ome 
town (Eitchburg, Massachusetts), and used to take such books to schoo ^ 
dunng idle moments under cover of textbooks he was supposed to e s 
but which were too elementary to mterest him This was back m ° 

(he was bom m 1859) and not many good books for boys’ reading were a 

The one subject he never could master was spelling, nor did he 
accomplishment to his dymg day Many years later m some remmi 


his he wrote 


“I have often wondered why I was so unable to get my spelhng Grammar had some 

SO Bimple and easy for me Arithmetic and Geograp y an e guj. Spelling 

meamng and some reason for being, and the facts stuck in my - pj^ccs and the 
no meaning whatever The same letters had (Merent souni^ i p,ch 

same sounds had vanous fancy ways of being spelled and my 
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a meaningless jumble as the illogical arrangement of letters Nor has it ever consented to 
do this, for even to this daj , after years of ivriting and proof-correcting, I am never sure of 
the spelhng of an unusual word I well remember an embarrassing moment when writing 
on a blackboard an examination set of questions one of which contained the word discuss 
Ordinanlj I could have spelled it right, but not there in the presence of the class I felt 
my cheeks turning red, and finalU wrote it with a single s at the end and a pecubar little 
flourish which I hoped the class would take for a second s provided the word had two of them 
and would regard as a flounsh if the word had only a single s I like to flatter myself 
that the reason whj I never could make a good speller was that mj mind was too logical to 
grasp such a nonsensical, unreasonable subject as the spelling of English words'” 

It js, in fact, a bttle amusing m reading one of his journals about our family 
joumejnng m Europe to learn that tve rowed along a qmet countrj’’ rode, but 
on another occasion road a boat on a nver He seems to have used aU three of 
these homon3Tns mterchangeabty 

He told me once that an important thmg for anj^ scientist was to learn to write 
well, “And I don’t mean good hand wntmg or good spelhng”, he added “Y ou 
can get people to correct ^nur spelhng and to typewrite your manuscnpt But 
you must know how to express ideas clearl}’^ ” 

He went to college at Boston Umversity^ That proved a good place for work, 
but with very httle college life Such a college suited bun pretty well, but it did 
not help him m leammg to become a good mixer He jomed a fratermty, but 
did not seem to have cared much for the associations that brought bun One of 
the expenences, however, which he did look back to m later life as of much help 
to him was an informal attempt at teachmg In anticipation of a difficult ex- 
ammation m ph3 sics, the whole class decided to get together, without any faculty 
member, and to study for the exam He was voted chairman, and began askmg 
questions of the others He soon discovered that he had to answer most of the 
questions hims elf , and v as not contented with answermg them, for he felt that 
each one called for an explanation As a result the class pronounced him a better 
teacher than their professor, and he began to t hink that perhaps teachmg should 
be his career 

Certam events at Boston helped bim decide on biology One of these was his 
attendance on a senes of lectures by Professor Farlow, not at the college, but at 
the LoweU Institute His lectures were on Lower Forms of Life, and Father 
could never forget how he began his first lecture by^ uncorkmg a beer bottle, and 
remarkmg “You have aU heard of ‘poppmg the question', we wiU now proceed 
to ‘question the pop’ the young hstener became so mterested m these lectures 
that he considered senousty “questiomng the pop” as his particular specialty m 
life — onl3’ remember, there was no such subject as bactenology known m those 
da3-s 

This fact is well illustrated b3’’ an anecdote he used to tell of somethmg which 
took place a fev 3 ears later (m the earl3 ’SO’s) He was then at Johns Hopkins, 
stud3nng for his doctor s degree , and m later 3*ears used to recall how a tall, l anky 
3 oung man appeared on the scene and announced he v anted to study bacten- 
lolgy According to Father, he was not given much encouragement, and was 
informed that onl3 a gemus like Pasteur could studx bactenologj , so he went 
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clsewliere Some yearn later, my father had a chance to meet one of Amenca’s 
most distinguished bactenologists, and was surpnsed to recognize him as the 
young man who had been unable to find any bactenology at Hopkins He was 
Theobald Smith Considerably after my father’s death, I had a chance to tell 
this anecdote to Dr Smith himself, and he was somewhat amused, his recollec 
tion of the matter was that he went to Hopkins to get one particular course, and 
when that course was over he left Whichever version of the story is correct, it 
emphasizes the fact that the nearest any student could come m the 70’s and early 
SO’s to speciahzmg m bactenology was to major m general biology 
The young man we are most concerned with began taking biology m his junior 
year at Boston Umversity, and after the first lecture he was mterested enough 
to come back the following Saturday to look at microscopic nnimfllfi under the 
microscope This mterest led to closer contacts with teachers m that field, and 
finally to an invitation to spend some tune at a smaH manne laboratoiy that 
had been started pnvately by Professor Hyatt at Annisquam, Mass This was 
the begmmng of many summers that he spent at manne laboratones, most of 
them later on at Cold Spnng Harbor where he was Director for several years 
His graduation, in 1881, was apparently more or less of an anticlimax to him 
Ho graduated second in his class and felt that some recogmtion of that fact should 
be made m the graduating exercises No attention was paid to him, however, 
and that rankled m his mind for most of his life About 30 years later he was 
mentiomng his college days in a letter to me, and added “My graduatmg day 
was a very unhappy one, for I felt that I had not been treated fairly, and I have 
never had any mterest m gomg back to college since ” Undoubtedly this dis- 
appointment contnbuted to his infenonty complex, nevertheless, by this time 
his career had taken shape and from then on he followed it to a logical conclusion, 
and few if any of his associates ever suspected he suffered from a sense of m 


fenonty , 

The first real progress in his career came during his years of graduate^u v a 
Johns Hopkins where he was located from 1881 till summer m 1834 
seems to ^ve fallen into congemal surroundings He majored undw r 
Brooks, one of the leading zoologists of the day, roomed at Dr jjjg 

m Baltimore, and seems to have made a good unpression on him ^ rv^which 
start Dr Brooks was m charge of the Chesape^e Zoological La ra 
met some summers at Beaufort, N C , and once or twice at . ^ ^ ^ 

he took my father with him to this laboratoiy every summer w e 
student at Hopkins He also had my father give four pubbca 

in laboratoiy instruction during his last year at Baltimore ® ^ere 

tions (18 to 27) signed by H W Conn (dealmg with invertebrate zo ogy 
the result of his work at Baltunore, Beaufort, and Hampton 
It was while at Hopkins that he became engaged ^ ^ ^en she 

best fnend and whom he had known for a good number ° letter 

died a few years ago I found m her possession ^hat wte pro 
he ever wrote her, dated at Boston soon after e s r _^1 style, copybook 
and while she was at Smith CoUege It is wntten m forma sry 
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llaud^^^ltlllg, totally uiililve his usual scrawl, and is mteiesting enough so that 
I tmst I wall not be Molatmg the seciets of the depaited bj" reading it 

“Julia 

I ivish to find out whether there is a i oung Hdj in Smith College, bj the name of Hattie 
Herrick, and thought that perhaps lou would be as kind as to inform me The ladj to 
whom I refer w as a schoolmate of rmne at \shburnham She entered college last 's ear and 
I wash to know for especial reasons whether she is there now and how she stands in her 
class If it would not be too much trouble I would be greath obliged to r ou if jou would 
find out and let me know 

I am enjojang mrself ^en much this term I am engaged in studies in which I am cs- 
pecialh interested and have tickets to courses of lectures upon these r en same subjects 
Don’t > ou wash j ou li\ ed in Boston, wath a librarj of 250,000 % olumes, 15 or 20 free lecture 
courses, and other adiantages too numerous to mention^ 

Eveuse the libertj I take in w ntmg to \ ou, for I wash to know about IMiss Hernck i en 
much 

E\ er, 

H W Conn” 

I think it quite safe to assume that his leal leason foi mating this lettei was 
jiof to get infoianation about Miss Hernck' I also tlunk it equally safe to guess 
that his leal leason was attained, for Julia replied promptly' enough so that he 
could auswei hei letter two weeks latei (the second letter of his being stiU in 
existence) , in this second letter he thanks her pi ofuselj foi the information con- 
ceirung Miss Heinck, but then goes on to othei things I presume their cor- 
lespondence flounshed after that, but no moie lettei’s aie m existence except 
one which he waote in 1882 (his second -seai at Hopkins) just aftei he had asked 
hei to mair> him His diaia, mentions wnting a letter of proposal, winch is 
no longei m existence, nor do we haie her leph , but I do ha\e a length} letter 
of lus waitten a little later showing that she had not i et gii en a defimte answer 
This lettei I will not read I will only lemaik that although he was piesumabl} 
tn mg to add a few more w ords to win her oi ei , he actually filled the letter mostly 
with comments about his own lack of piospects and his presumption m asking 
hei to manw Inm “The life of a scientist” he wntes “is at best not eniiable 
It IS suie to be filled with trials and sacrifices ” 

That mav hai e been the wai to win his particulai giil, howei ei , for thei be- 
came engaged that fall, although thei weie not marned until 1885, thiee leai-s 
litei 

From things he wTote in his chan those dais, we know he was full of doubt as 
to whether he could succeed m life How much of this was the natural feeling 
of nil 1 oung mill just beginmng his caieer and how much was due to the sense 
of mfenonti winch had haunted lum since his boihood, I do not know But I 
do know that he had another source of moitification, about which he was so 
^eimtuc tint ho did not confide it, except in barest hmts, e^en to lus dian 
he w IS •^0 \outhful in ippeirance that he thought people laughed at him In 
tho-e dl^s when ilmost c\cn college student encouraged a full beard, m^ f ither 
could hirdh peivn idc more than i mere dowai to appear on hi^ hp — eieii three 
\eii-s iftei gruhntion After m iking up Ins mind to teach he nni'-t haie won- 
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dcrcd if lie could hold his own with students, most of whom wnuld undoubtedly 
look older than ho did He succeeded apparently, but he had his moments of 
mortification — as for example when the expressman, who was moraig his be- 
longings into the apartment w here he and my mother w ere to live nght after they 
were marned (when he was 2G years old), made some caustic remarks about 
college /rcs/imcji who brought wives to college with them' 



a \par fti Wcslc3aa 

Herbert W Conn, 1886 Photograph taken during his second ) 

, , . jest of his life He 

He was then at Wesleyan Univereity, where he ^pen* ,n 1884, 

had accepted a position there promptly on Batting his d^ ,,p„ding a 

he was to be in the Department of Ixatural He was thus 

new' department m Biology as soon as that con ^ ^jjja.ned its head tiU he 
the founder of the Biology Departinentat ^^,,her, and in spite o 

died m 1917 As I have implied before, he ^ ^ork, but bmlt 

numerous outside activities, he never who made theimrehes 

iin a strong department and turned out numerons evolution, but 

tSS choseB fields At fi«t h,s J bsc.enol.SI ■ ■» 

duTOE the 90's lus m.jor alteetioe cme to be doeeled 
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NNbicli iWTde gie-xtest repvitThou He began leaching Inctcnologi' around 
Hie liim of the century , and bad a big lectin e das'? m that subject , but Ins labora- 
ton classes m that subject had to be kept small, largeh from lack of equipment 
His laboiaton’ instmction m bactenologi was most mfomial Ihe student was 
first expected to make up his own media, then he was told to plate out water, 
milk, 01 whatever else he wanted, count the colonies, and pick up a number of 



pure cultures IMost of the rest of the course he w as allow ed to plav around wath 
tlio^e cultures and to see what he could find out about them The scheme cer- 
tainli took little of the professoi ’s time and w oiked fine for the brilliant students, 
it w IS not so effectii e in case of the less bnlliant men, but mi father tried to 
weed them out of his laboraton classes before thei had gone far enough to begm 
bictonologi 

His outside actinties during this penod were almost too numerous to mention 
He w IS Director for sei oral i ears (1891 to 1897) of the marme Biological Labora- 
ton It Cold Spniig Harbor he wa-ote 22 books mam of winch went through 
eeier-il editions he w n m charge of bacteriological lesearcli at the Storrs En- 
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ponment Station from about 1890 till 1906 and taught a claas m bactenologj at 
the Agncultural College there (now University of Connecticut) , he was very active 
in public h^lth vork, havung a lot to do mth the founding of the Laboraton 
Section of the Amencan Public Health Association, and serving for over ten years 
(1906-1917) as Director of the Connecticut State Board of Health Laboratorj , 
lie was a popular lecturer in scientific fields, making lecture tnps each year of 
quite an extended nature, he was for some 20 years supenntendent of a Sunday 
School m Aliddletowm , and lastly, as w e all know , he w'as one of the three founders 
of tins Society' 

His growing interest in bacteriology during this period, of course, most con 
corns us His first outstanding work n that line w'as in the field of dairying 
^^^lon lie began studying bactena m milk, no one realized the great importance 
of the lactic fermentation in milk, and it was his ivork, mth Esten, at Wesleyan, 
(37—16, 49, 52, 56-00, 03-07, 71, 84, 85, 89, 92, 97) that showed how the lactic 
acid bacteria predominated over all other types initially present This led to 
1 arious practical applications in the npening of butter and cheese as well as m 
prer enting spoilage of fluid milk It is hard for us to lealize today what arevolu 
tion there w'as, between 1900 and 1920, m the methods of milk production and 
distribution, during which penod the change took place from the unsamtary, 
rapidly' souiing milk of the last centuiy, to the relatively safe nulk of good keep- 
ing quality w hich w e know today A Ini-ge contnbution to this revolution came 
from the icsearch of the Wesleyan investigators in the 90’s — ^followed up by the 
stiess on sanitary' contiol in which Piofessoi Conn took a leading part after 1900 
(62, 83, 86, 87, 89-92, 101-103) 

Another important activity' of his in the 90’s (which m fact continued till his 
dying day') w as m gu mg popular lectures In the days before movies and radio, 
entertaining lecturere weie in more demand than they are today, and when any 
member of a faculty show ed talent in that line his college used to be gind to send 
him on lectuie tnps foi the sake of the advertisement which it gave the institii 
tion Wesley'an had several gifted lecturers on its faculty, some in cla'sical an 
hterary fields, some m the sciences. Professor Conn used to be considered one o 
the best of their scientific lecturers It w'as for this reason that he needed to la^ e 
a substitute (like Professor Buddington) present m his classes to supply or im 
w hen he w'as suddenly called out of tow'n He knew how' to present a subjec m^au 
interesting way , and he also had the rai e gift of know'ing how to be bne e o 

me, in fact, how on a tup to Schenectady he had been asked to address a 
scholara at a high school and planned to gir e one of his stock lectures on ac^^^ 
which oi-dinanly took an hour or more but could be crowded into ^ 

Just before beginmng he asked the pnncipal how long be 1 j,o^v 

told JS mmvtes He told me later it made him “hot for a mmu e o 
to get 45 minutes crowded into 15 He added "Well, I did Y followed 

more than the time suggested, judging by the tremendous appla 

to him and he ai oided it as much as he could His chief way of mlaxi 
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turn from one form of v, ork to another His outside interests ■were many, but 
they were nothing that could truly be called hobbies, when he really became 
enthusiastic over one of them, it later became a main part of his life work That 
was the waj* he orked into bactenology 
His mterest in bactenologj’’ was given a tremendous impetus in 189-1 when t ere 
was an outbreak of ti-phoid at Wesleyan, which he was successful m attnbutmg 
to 03 sters fattened under unsamtary conditions (55) This was the first tune 
oysters had been blamed for t 3 T)hoid, and the logic he used m ehmiMtmg 
other sources of infection and in defimtely incmnmatmg the oysters 
particular source made a great impression at the tune m the scien ® 

It not onl}’^ added to his reputation, but firmly established his interest m ac n 
olog}' It led m later 3 '’ears to acti'vities m the pubhc health fie , oug a 
first his chief interest was m dairy bactenology 
Further stunulation was given to his mterest in bacteno ogy y 
Europe he made m 1897-8, when he was granted a leave 0 a sen e ^ 

leyan I vras 12 years old at the tune, and remember the tap e , 
was naturally too imung to understand what his chief mtere we courses 

tnp I can see now, hLver, that he went as Sy 

under distinguished biologists and to meet others m tha . 
became morTterested m his contacts with f “ w^TJuaUy 

tenologists— Koch, Ostertag, Bang, Freudenreich ^ interested 

worth while to hun in other ways, as he was a keen obse traveled He 

m the waj's and characteristics of the people among w doings 

wrote a day-b 3 '-day journal of the tnp m me it is one of the 

but his impressions of the people and thmgs be ^ y of his published books 
uiost interesting things he ever nrote, more so t an an years before 

One of his comments on the German character, 'wri ® nothing to 

the first World War is so prophetic I want to quo 1 > 
do mth bactenology 

nhpvvrithout knowing anj reason 

"The German makes a first-class citizen He is ’"^bng o phlegmatic, unimaginative 
for It except that it is the law With good , ’the ven best soldiers when 

German can be led to almost anj-thing, and Aey th successful, since thcj 

things are all planned and go as planned Their wa reicrscs the 

W been earned out as planned But I have an ide “ to anv new condition 

Y^ole army would lose its head and be utterly unable to rea der what 

^ this IS Bumuse, howev er, but their slowness in grasp E p 3 P be relied upon, 

they could do m an emergency As long as things 8° ff ^ great powcr-this is mi 
but when they once get their plans upset, then— good-t. 
ommon ” 


pimon " , 

r ^encan bactenologists 

I do not know whether or not the idea of a socie ujg that something 

occurred to hun on this European tnp ^ ° bactenologsts, to put m 
may have been said, m his conversations with b-twop ^tb bnctonologi 

his head the idea that Amenca needed an orgamza . ^ return Dcceml>cr, 
as a science At all events it was only a few mon \bbott and Tordan, 

1S9S — lyhen he had the historic conference at - ew 
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one of the t^ee broached the idea which led to the fonnation of this Society 

Apparently at that meeting, Dr F P Mall, then Professor of Anatomy at Johns 

Hopkins, referred to either Dr Jordan or Dr Abbott as a ‘lost soul”, because 
there was no existmg section of the Association devoted to his interests, and some- 
one suggested that the bacteriologists ought to organize a section of their own = 
Jordan and Abbott thought the idea worth while, and the former immediately 
set out to find Conn They proposed the formation not of a new section of the 
A A A S , but of a distinctly new society They decided, according to a state- 
ment they published a few years later that there was no society “whose nature 
was such as to bring together the large and growmg number of investigators who 
are studyung bacteriological topics It was felt that the rapid development of 
this subject along biological, agricultural, mdustnal, as well as hygienic and 
pathological hnes, is creating a special branch of science, and it was beheved 
that an association of investigators m these various hnes would be mutually 
helpful ” 

They corresponded about the plan durmg 1899 (See Appendix, p 291), and 
I imagine the idea was broached informally to various friends of theirs durmg the 


* In n letter wntten Juno 8, 1922, Dr Abbott recorded his recollections of the fonndine 
of the Society m these words 

"At the 1899 meeting of the ‘Amencan Association for the Advancement of Science', 
held at Yale University, New Haven, Coimeoticut, Mall (the late F P Mall, Prof of 
Anatomy, Johns Hopkins University) and I had been Innohing together when Jordan 
(E 0 Jordan) joined us while we were having an after luncheon smoke Jfall 
etclaimed— ‘here’s a lost soul’, or *an unattached wanderer’ or some eqmvaJeat 
expression, meamng that Jordan and a number of others like him, did not find them 
solves at home in any of the existing sections of the Association, and there was no ap- 
parent way for this group of men to become active in the associstion without the 
organisation of a new section or Society to which the bacteriological contnbutioas 
could appropnately be made He said he and Jordan had been talking the matter over 
and asked me if I would cooperate with certain other interested men and organue 
a special society into which bactenologiste as such, could be admitted and be ea 
couraged to develop the phases of the science that made the most appeal to them 
I gladly embrace the opportunity to be of what seemed to me real service m awn 
found myself one of a self appomted Committee of three, (Jordan and the a e 
Conn of Middleton, Conn , being the other two), who took it upon 
ing of those men in the country who were regarded as most likely to 'oo 
upon the project and become active workers for Its success " of June 24, 

Some time latter this comment was shown to Dr Jordan, and in a e er 


1936, he wrote as follows to the Society’s Archivist are a httle 

“My recollections of the first conversations with Abbott and onn 
different from those of Professor Abbott Let me give them here Natural 

Our first conversation took place at the meeting of the Society j 

ists in New York in 1898 (I think the enclosed correspondence^ars t ^ 

coming down the steps of some building where meetings were with 

withMall,whomIbadknownweUbothat Clark and Chicago, and stop^^ I,ugtmet 

him He said, ‘Why don’t you bactenologiste have a oJ yon to 

Abbott also wandenng around like a lost soul ’ I f „ j distinctly recall 

which Abbott refers must have taken place a little later „ 

talking with Abbott after seeing Mall and then going with him 
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year, but no formal step ivas taken until October when a letter was sent out to 
about 40 Amencan bactenologists, which ran as follows 

My Dear Sir 

An attempt is being made to orgamze a societj of Amencan Bactenologists upon the 
hnes followed b> the Societj of Amencan Phj’siologists, the Societj of Amencan Morphol- 
ogists, and the kindred associations that meet yearlj as "affiliated societies", with the 
Society of Amencan Naturalists It is thought that such an association wdl conduce to 
umfication of methods and aims, will emphasize the position of bactenologj as one of the 
biological sciences, and will bnng together workers interested in the vanous branches into 
which bactenology is now ramifying 

It IS hoped that j ou wiU be wilhng to aid in this undertaking Should you be willing to 
cooperate in the formation of such a society, will you kindly commumcate with Prof H 
IV Conn, Wesleyan Um^ ersity, hliddletown, Connecticut, before November Ist 

The first meeting will be held with the affiliated societies at New Haven, Connecticut, 
during the Christmas \acation You are requested to send the titles of papers to be pre- 
sented to Prof A C Abbott, Hi giemc Laboratorj , University of Pennsylvama, Philadel- 
phia, Pa Titles of papers should be in Professor Abbott’s hands not later than December 
10th A program giving details as to tune and place of meeting, titles of papers, etc , wiU 
be issued later 

A C Abbott 

H W CovN 

E 0 JOBDAN 

This letter, I think, was neither dupheated nor mimeographed (those processes 
bemg hardly perfected m those days) but was either handwritten or done in- 
dividually on the tjTiewnter, neither did college professors have stenographers 
at their call at that earl}^ tune Because of pressure of other duties, Dr Abbott 
did not send out anj of these letters, the other two members of the seh-appomted 
committee apparentlj'^ apportioned the job between them I defimtely remember 
quite a number of those letters gomg out from our house The rephes, as directed, 
came to my father, and in man 3 ’^ cases there was follow-up correspondence 
Accordmg to the statement pubhshed by the three men later, “The responses 
to tins letter were immediate and emphatic With the exception of three, all 
to whom the letter was sent responded and in everj^ case was expressed a feehng 
that the orgamzation of such a society was not only feasible, but emmently de- 
sirable ” 

The meetmg for organizmg was held at 2 P M , December 28, 1899, at the 
iMedical School Buildmg of Yale Umversity, with 30 m attendance Prof W T 
Sedgwick of the iMassachusetts Institute of Technologj’’ was mvited to take the 
chair, and he presided at all the sessions that j’^ear Dr Abbott had prepared a 
program, of vhich seventeen papers were presented at this meetmg, includmg 
one b}’ H W Conn on “Natural vaneties of bactena”, eight other papers were 
hsted on the program but not presented At the third session, December 29th, 
the committee to drav up a constitution reported and the first constitution of 
the Societj (perhaps 200 words long) was adopted. Dr Sedgwick was elected 
President, Dr Abbott, tfice-President, and Dr Conn, Secretary-Treasurer It 
■was decided that the ongmal membership should be those respondmg to the 
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Hter of 1899 and any others who had attended the first meeting 

lilus computed, there were 59 ongmal members 

+ S of our Society have long taken pnde m being located 

Society A 30th anniversary meeting was held there in 
1929, and a 40th in 1939, and hopes were expressed that the SOth anmvereary 
would also be held there It is a matter of much regret to the New Haven mem 
bers that the Society has now outgrown the facihties afforded by their city, bo 
that we cannot meet there next year The best we can do is to meet m 
Baltimore in 1950, just 50 years after the second meetmg of the Society was held 
in that city 

At the ongmal New Haven meetmg it was decided to limit active memberehip 
to 100, but the Society grew much faster, even m those days, tVian its founders 
had thought possible, and it proved necessary to raise the limit occasionally 
to avoid a long waitmg list When my own apphcation for membership came 
up m 1910, the bmit was either 200 or 250, and there was just one vacancy 
There was another name besides mme bemg considered for membership, and to 
avoid having to choose between us two, the Council made Father an honorary 
member, thus creating one more vacancy on the list of active members After 
that it was a joke of his that they dropped him from the active list to put me on 
Of course, a few years later, the Society removed all limit to the memberBhip, 
the better to support the Journal of Bactenology, and we all know how rapid its 
growth has been smce If my father, m 1898, when he first conceived the idea 
of the Society, could have pictured this meetmg, 60 years later, at which is son is 
preading, with a registration of about 1000, and a membership of about 3,500, 
he would have been decidedly surprised! 

But to come back to the early days The membership dues were $1 00 a year, 
and the Secretary-Treasurer was allowed to use the tremendous sum thus reahzed 
for clencal help It would not have gone far toward hinng a stenographer, but 
I beheve he hired my mother to type his form letters to the members He held 
that office till the 1901 meeting at Chicago (the 2nd meetmg of the Society hamg 
been held m Baltimore m 1900) , at Chicago he was elected President, and or- 
dan became Secretary His influence m the Society continued for many years 
after he was out of office, however, and he was a perennial member of the nomi 
natmg committee Officers were elected qmte informally m those days 
natmg committee was appomted by the President at the first session, w 
ported at a later session, with a sm^e candidate nominated for each office 
put so much responabihty on that committee that serving on it 
rassing to my father eventually, and I can remember howm bis 1^ o 
(1914 to 1917) he used to stay away from the first session so that ® 
be put on that committee He hved just long enough to 
Bactenology started and the membership limit removed, but not 
ciety begm its rapid growth in members ,{j 

Such were his activities, or at least aU I know of them, in jj^^^ever, I 

Society m its early days To round up this bnef ° j 5 j ears 

should say something about the nature of his activities dunng 
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The only one of his earher activities which he gave up at this tune was his 
connection with the College and Experiment Station at Storrs He gave this 
up at about the tune he became duector of the Board of Health Laboratory , so 
the result was a decided shifting of his chief interests from the agncultural to 
the pubhc health field This Board of Health laborator}’- was somewhat umque 
at its time About the only practical methods of laboratory diagnosis then known 
were for diphthena, pulmonarj' tuberculosis, and tjqihoid, and facihties for 
makmg such tests were available only in large cities Connecticut was one of 
the first states to reaUze that the telephone and more rapid mail service made it 
possible to extend such a ser^uce to small commumties located some distance 
apart It was decided that Cormecticut was small enough in area but sufficiently 
densely populated to make statewide servuce of the sort practical The venture 
proved a success, and duecting that laboratory occupied much of my father’s 
time for the rest of his kfe 

It also brought him mto closer contact with other workers m the pubhc health 
field mcludmg Dr C -E A Winslow and Dr C E North, who are still with us, 
and brought about very close relationships with Dr Wilham H Park of New 
York City One of his first deahngs with Dr Park in this matter was m 1900 
when he and Dr North made a visit to the laboratory where Dr Park, with one 
assistant (Dr Anna L WiUiams, I beheve) was undertakmg for the first time to 
make bactenal tests of milk They found him installed m one small room over a 
horse stable m East 15th St , not even knowmg how to make the tests required 
My father showed him on that occasion how to make plate counts on ordinary 
gelatin and on lactose htmus gelatm — ^the latter medium bemg one of my father’s 
own devismg and which he had used as the basis of his important work on the 
milk flora 

That was how the outstandmg work of Dr Park’s Board of Health Laboratory 
m New York Cit}* started — with very humble beginmngs It was also the 
be ginnin g of the association of these three men in their fight for the samtaiy 
control of milk They conceived the idea of samtary Ttnlk standards, and pushed 
the idea for aU they were worth (See 101, 102, 103) By the time my father died 
in 1917 , the battle was practically won, but it had been a hard fight For a torti 
who always hated a fight, and had started out m hfe with an mfenonty complex, 
he certainly obtamed an amazing reputation as a fighter m those days — ^for there 
were strongly mtrenched mterests m the dairj’’ mdustry then who were not at all 
anxious to see such standards enforced, and who managed to secure other promi- 
nent bacteriologists to fight their battles for them It required many a hard- 
fought battle at meetings of the A P H-A , m legislative bodies, and at court 
trials, before such standards were generally adopted and enforced The men 
who were associated with my father in these activities have been amazed when I 
told them of his inherent timidity and hatred for agrument, they insist he kept 
tho'm quahties well hidden from them ' 

I ha\e nearh fimshed my subject, but I would like to say a few words of a 
more personal nature concerning my own relations with him In some vrays 
I neier felt as close to him as I might have been — as my only sister was, m fact. 
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but there was never any senous nusunderstanding between us Quite the con- 
t^rarjr, I think he bandied very well the problem I posed for him It must have 
been quite a blow to him when he reahzed that his son, whom he knew to have 
certain qualities that made for success, and on whom he had undoubtedly been 
pinmng hopes for the future, was becommg hard of hearing Yet he never once 
made the mistake of showmg undue sympathy or of lettmg me assume that sue 
cess would be impossible because of the handicap On the other hand he en 
couraged me to take advantage of any other sense or facihty I possessed to over 
come the difficulties I faced I think it was largely due to hrm that I avoided 
the error so common among deaf people of becommg over-sensitive, and at the 
same time assumed from the beginmng that the handicap was not going to keep 
me from success in life On lookmg back now, I think I owe him more grabtude 
for instilling that attitude m me than for the indirect way he steered me into 
bactenologj'- — although I also appreciate the latter 
Perhaps I cannot end this account better than by quotmg my sister As I 
have already remarked, she was closer to him than I was m many ways, and long 
after he died, she wrote to me in remmiseence about him 

“Although he did not often speak of intimate things, what he said once he meant alivays 
Ho never spoke until ho was sure, and then not again Indeed like moat New Englanders he 
was blunt and not given to flattery Like them he did not want to begin saying 'nice 
things’, for aa ho explained, ho would then have to keep saying them If he hied something 
or someone and said so, he meant it, and there was no need of repeating 
His odd ways, you say, sometimes bothered you, while they tickled and delighted me 
His indifference to so much that others held as important, his impatience with ‘email tall , 
his equal impatience with fancy desserts (‘sweetened nothings’ he called them, the o y 
desserts for him were apple pie, mince pie and squash pie) , his love of hearing ram on 
roof, hiB horror of being late or of being kept waiting himself, his quid hurt at bemgm e 
niptcd or not listened to while he was talking, his dishke of dressing up to go ° 

evening — these and many other traits gave him a peculiar charm to my eyes as s" 

growing up ’’ 

That sums him up better than I could m my own words, and all I 
relates to his passmg on In 1909 or 1910 (when he was about 50) be 
abzed that his heart was weak and that he must cut down on phys ac 
Domg so was a hardship to him as he had always been energetic andro 
mentally as to be most unhappy when domg nothmg To stay a ° ^ 

he had no way of going anywhere except walking, and to be joying 

or other conveyances for local transportation on all ins trips was ^ ^ 
to him Even so he kept gomg, and a httle before he died he two 
teUmg about his numerous engagements on a tnp he had just ^ ^ 

me feel tired when I re-read it recently I suspect such acbvi ^ at 

His death came suddenly, although we had known for years i _ ^ 

any time He died on Apnl 18, 1917, the veiy day that my 
a member of this Society) was bom The suddenness was chosen I 

behmd, but I am sure he would have had it that way cou ^ j 

cannot think of a better epitaph for him than one remark ne 
just mentioned “I don’t seem to be put on the shelf yet 
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APPENDIX 

CORRESPONDENCE RELATING TO THE FOUNDING OF THE 
SOCIETY OF AAIERICAN BACTERIOLOGISTS 

Between 

H W CONN, E 0 JORDAN and A C ABBOTT 

Chicago, III , April 6th, 1899 

My dear Prof Abbott — 

I enclose a hst of names as a startmg-pomt for our proposed Bactenological 
Society Doutless names that should be added to the hst will occur to you 
and perhaps some names that I have mcluded should be stncken out After we 
have once orgamzed other members, — and I think there are many desirable ones, 
— could be chosen 

I would suggest that a circular letter be sent to the men we finally decide upon 
as most available m this connection, and I will write out a rough draft of what I 
have m mmd and send it to you for revision m a few days I have sent a copy of 
the list to Prof Conn, asking his opmion m regard to desirable additions and 
subtractions Should we send out our circular letter this Sprmg or wait until 
October? 

Very truly yours, 

Edwin 0 Jordan 

Aliddletown, Conn , Sept 27, 1899 

IMr E O Jordan, 

Dear Sir 

I have waited about retummg the enclosed list, thmkmg that the best tune to 
send out the circular letter would be October I have added a few names to the 
hst, but have not thought wise to omit any 

It seems to me that you have mcluded onl 3 ’' desirable men m imur hst, and that 
all should be m^nted to jom the proposed section of the Naturalists’ Society 
I think that a circular letter should be sent out now as soon as possible mvitmg 
men not only to jom, but to present papers at the meetmg to be held in New 
Haven next Christmas I hope that Prof Welch can be prevailed upon to act as 
President for the first j ear, at least 

Let us now push the matter as much as we can for a month or two, and I feel 
confident that the section will then be a success 
I should be verj^ glad to see a rough draft of the circular letter, as you suggest, 
although I ha^ e perfect confidence m your abihty without submittmg it to me 
for re^^slon 

Trusting j ou can now pu^ matters to a successful issue, 

I am, respectfully, 

H W Conn 
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. Chicago, niinois, October 9th, 1899 

My dear Prof Abbott — 

I enclose a draft of a circular letter concerning the formation of our proposed 
Bactenological Society I have also sent a copy to Prof Conn and he will have 
it Bent out to the gentlemen named on our list If you wish to add any names to 
the list, will you kindly forward them to Prof Conn Both Prof Conn and my 
self have added a few emce the hst was sent you last Sprmg, but there may still 
be some that we have overlooked Would you be willing to undertake what I 
have BUggested in the circular letter — namely, the arrangement of the program 
for the New Haven meetmg? Prof Conn, who is near New Haven, will arrange 
details as to time and place of meetmg 
Would it be possible for you to see Prof Welch and gam his consent to preside 
at our meeting of orgamzation? If so, will you kmdly communicate with Prof 
Conn, in order that some statement to that effect may be inserted m the circular 
letter 

Trusting that we may now push matters to a successful issue, 

I am, 

Very truly yours, 

Edwin 0 Jordan 


Philadelphia, Oct 12th, 1899 

Prof E 0 Jordan, 

Chicago University, 

Chicago, HI 


My dear Prof Jordan 

I must confess that your letter received this mornmg bnngs me face to face 
with a very senous matter, — namely, the orgamzation by us of the new Society 
Dunng our conversation m New York last winter I agreed to support ^ 
pbpll keep my promise, but I say frankly that I have so many uons m the fire ^ 
I do not know at this moment how much support I can give it At all 
you think I can be of assistance m arrangmg the program I will he 
undertake it, but I must look to you and to Prof Conn and to ^ 

terested m the Society to aid me m gettmg up a decent program or 
meeting I have just written to Prof Welch, askmg him 
meetmg of organization, and as soon as I hear from him I vtH le yo 
concerning the matter 

A C Abbott 


Middletown, Conn , Oct 18, 1899 

My dear Prof Jordan Ban- of the work I 

Your letter is received and I am glad to undertake my ecam 
have prepared a letter similar you sent, with some additions, 
sent a copy to each person m the hst of addresses 
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I -Will let 3'OU know later what responBes I receive 


Yours truly, 

H W Conn 
(J M C) 


PUBLICATIONS BY H W CONN 
Arranged Chronologicall> 

I Books 


1 Conn,H W 18S6 Evolution of Today G P Putnam's Sons, New York 

2 1891 The Living World G P Putnam’s Sons, New York 

3 1897 The Story of Germ Life D Appleton and Co , New York, 

in Spantsh, 1902, as Nociones de hlicrobiologis (Same publisher) , 
in England, 1909, as Germ Life Hodder and Stoughton, London 

4 1899 The Story of the laving Machine D Appleton and Co , New York, 

1915 2nd edition, 

in Spantsh, 1901, as Nociones de Biologia (Same pubhsher), 

in England, 1912, as Story of Life’s Mechamsm Hodder and Stoughton, London 

5 1900 The Method of Evolution Silver, Burdette and Co , New York 

6 1901 Agncultural Bactenologj P Blakiston’s Son and Co , Philadelphia, 

1909 2nd edition 

7 1903 Bacteria, Yeasts and Molds in the Home Ginn and Co , Boston, 1912, 

2nd edition, revised 1917 

8 1903 An Elementary Physiology and Hjgiene for use in Schools Silver, 

Burdette and Co , New York, 

in Spantsh, 1913, as Nociones de Phjmologia e Hygiene (Same pubhsher) 
g 1903 Bactena in Milk and its Products P Blakiston’s Son and Co , Phila- 


10 

11 

12 

13 

14 


delphia 

— 1904 Evolution of Today G P Putnam’s Sons, New York 
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COBN STEEP LIQUOR IN MICROBIOLOGY 

R VriNSTON LIGGETT* and H KOFFLER 

A E Staley Manufacturing Company, Decatur, Tlltnois, and Purdue University, 

Lafayette, Indiana 

The pubhclty given to the development of the pemcilhn mdustry also has 
called attention to the value of com steep hquor as a source of nutnents for micro- 
organisms Although considerable information on the properties of com steep 
hquor has been accumulated, attempts to integrate this information have been 
rare (cf 38) An effort will therefore be made m this review to desenbe the 
production and properties of corn steep hquor, and to evaluate its usefulness m 
microbiology 


Production of corn steep liquor 

Smee com steep hquor is a by-product of the com wet-milhng mdustiy it would 
be insufficient to discuss its manufacture apart from the whole proc^ m w c 
com, after havmg been sheUed and aar-cleaned, is soaked, and then fractionateu 
mto its pnncipal components by a combination of flotation and wet-screening 

procedures , , ^ 

To avoid losses of raw matenal and to keep sewage disposal ^o ems 
TTiiniTmiTTi , practically complete recovery of the sohds is desued 
phshed by the so-called “bottled-up” process ^J^ereby water is reus^ m a 
counter-current flow with respect to the com and losses of t e so are 
less than 0 5% of the dry substance of the com The technology o 
discussed m detail by Kerr (26) A popularized but authentic esenp lo 
also be found m a pubhcation by the Com Industnes Researc oun i 
For a discussion of the water balance and sewage disposal pro ems see 
field, Cornell, and Hatfield (20) + ^ - f ko p fnr 40 

The com is first soaked, or steeped m open wooden tanks a o 

to 48 hours Five to seven gallons of water are required for ei ery ^ , 

The water used m steeping is process water that has been u „ 

other phases of the process, for example, the overflow ® 

tank Durmg steepmg the soluble matenals are dissolved, t e com is ’ 

and its stmeture weakened and broken, which facihtates the gnn ng 

separations of its components Just before the process water en cnl?ihlp 

SO; is added to prevent putrefaction and to assist m the InU since 

compounds The concentration of SO» is mitially ttom to 0^^ 

most of the SO- is absorbed by the com, it is lowered to /o -„rr/>nt 

addition, and to 0 01% withm ten hours iMovmg m a genera cou , ^ 

fashion, the most dilute water is placed on com that has been s 

and is transferred continuously m the direction of the corn mos r , 

duced In this manner, the steep water hainng the lug cs conce 

* Present iddrcss \mcncan Sug*!! Refining Comp'ini , Phil'idc.pbia 
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soluf^ IS used on com just entenng the system after wluch procedure the water 
IS in hdraxra and concentrated to a sohd content of approxnnately 50% This 
concentrate, crude com steep liquor, may then either ^ combined with gluten 
and nbrous materials and sold as animal feed, or used for microbiological pur- 
poses, with or without further processing 

IVom the steeps the soft com is transferred to the mill house where the mulh 
stage milling and the separation of the components of com take place After 
a coarse grind m an attrition mill, which consists of two large metal discs with 
motal teeth, the slurry is suspended m water and slowly passed through the germ 
separators In these large troughs the germs, nch m oil, float to the top and are 
thus separated from the heavier materials which settle to the bottom This 
residue, which consists of starch, gluten, and hull, is transferred to the reels, 
rotating coarse sieves of stainless steel, where the hulls are retained To insure 
complete recovery of the valuable germs, the hulls are reground and passed again 
through the separators The germs are moved over a battery of reels, washed 
free of adlienng starch, and dehydrated, and the com oil is estracted The 
degermmated com is partially freed of water m separator reds, and tranderred 
to the Buhr null w'hich consists of two large granite stones, one on top of the 
other The water removed at the separator reels contains considerable quanti- 
ties of starch and gluten, which after being nd of coarse particles pass on directly 
to the table house The degermmated com is then reground m the Buhr mill, to 
a fineness sufficient to allow the separation of starch and gluten without at the 
same time also gnnding the hulls and thus causing contamination of the starch 
with fibrous matenals Rotatmg reels are used to sieve out the coarse fiber, 


and rapidly moving silk shakers to remove the last pieces of fiber 

The mixture of starch and gluten is transferred onto the starch tables, which 

are flat-bottomed troughs, approximately 120 feet long, and slightly tilted so that 

the suspension will flow slowly towards the far end of the trough. The starch 

particles, being heavier than gluten, are deposited on the tables while the gluto 

flows off at the end of the table The starch is washed off the tables, dewatered 

again by filtenng on rotary filters, and finally dried 'Washing and laoy 

be repeated several times to remove all soluble products from the st^ 

fuges are conung mto vogue now and may eventually replace , 

means of separating the starch from the gluten The gluten is recover y 

t , , .... j cot+.ifiTS. until It 


vanous steps of the process It is important to remember mat hubc 
water are used, approximately 30 to 50 gaUons per bushel of corn, an 
of this water is recovered from the filters and settbng tanks and recy 
process Ideally, fresh water is introduced only for the final J 
separated starch, and withdrawn only to the steeps, but such a mid ° 

IS not easdy kept m complete water balance (Cf 20) Irregu 
occur often, changing the character of the com steep liquor n^jcess there 
During the steeping period and during the other phases at P 
occurs an active natural fermentation, essentially lactic m 
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the low pH, 3 8 to 4 5, the total viable count of organisms frequently runs mto 
billions per ml ^ anations of the order given m table 1 have been noted In 

^GENERAL FLOWSHEET 

SHELLED CORN 


STE EPED CORN 

K 

Attrition 

Mills 

rpoos*) 


- ■ » 

Steeps 


STEEP WATFR 


Evaporators 


Germ 

Separators 



Reels 


Driers 


Oil Expellers 
[ot fCAK E 


Filters 


DEGERMINATF 


STARCH, 
GLUTEN. GRITS 


Shakers ( 

GRITS 


I STARCH. GLUTE N 
Tobies 

STARCH f bill 



Washing Filters 


(Presses! 


■ ■ ■ r , I 1 r 

(Refinery j Kiln Modified Driers 

House Starch T 

I I -H cy sej 


CRUDE OIL CORN PEARL, THIN GLUTEN CORN 

OIL CAKE SYRUR POWDERED, BOILING FEEDS STEEP 

MEAL CORN PURE STARCHES LIQUOR 

SUGAR FOOD 

STARCHES 

Fig 1 Geverai. Flowsheet of the Cohn t\ETMiLU\G Pnocr®"; 

The floTv of water is counter-current to the flow of matcnal*! as shown in the ciia^rn 
o maint-im the water balance in tbe plant, water ma\ be in process and storicc fo- as 
as two weeks The water in the evaporator maa come from anv stape of the proct'‘> 

general, the lowest microbial counts are found m process water containing the 
highest amount of SO-, while the lughest counts arc found in the oldest p'-occ" 
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water which IS used on the most recent com In addition to the thermophilic 
bactena, which are nearly all rods, other types have also been isolated by incuba- 
tion at lower temperatures, mcludmg a vanety of cocci The predominant or 
ganisms however, are thermophilic lactics, including both spore-formers alhed 
to the flat-sours”, and representatives of the genus Ladobadam It should be 
pointed out that the lactic acid fermentation is not only nnportant m the manu 
facture of starch but also m that of com steep hquor of a quahty desirable for 
microbiological purposes The com proteins are relatively water-insoluble, but 
they do swmll and dissolve to some extent in acidified water A certain amount 
of acidity is therefore essential for the efBcient separation of starch from gluten, 
and the lactic acid complements the action of SO* The solution of the com 
proteins, however is not entirely chemical, but also involves bactenal enrymes, 


TABLE 1 


Mtcrodrgantsmi in corn sleep water 


TYFE 

lOTAicouirr 


nunbers/tU 

Aerobic bactona* I 

30,000- 1,000,000 

Anaerobic bactena*’ 

5,000- 20,000 

Microacrophilic bactena' 

10,000,000-10,000,000,000 

Yeasts'* 

10- 1,000,000 


* Surface colonies on brom cresol purple dextrose agar plates, at 45 C Orgaxusau of 
Baetllus sublihi and Protein vulgans type, flat sours not counted 
Colonies in Brewer's thioglycoUate agar tubes, at 45 C 
' Colonies in tryptone-yeast extract-dextrose agar tubes, at 45 C, pnmanly Isobcs A 
count as high as ten billions occurs only in steeping systems that are out of balance, a connt 
of ono billion is more common as the upper limit 
■* Colonies on wort agar plates, at 30 C 


which catalyze the breakdown of the native proteins to smaller umts Owmg to 
this bactenal activity not only can starch be more easily separated from 
but the resulting com steep hquor is high in ammo acids and 'polypeptt ^ ^ 
are excellent sources of mtrogen for almost all microorganisms If the ^ ^ 

fermentation is to accomphsh such purposes it must be regulated, at 
certain extent, by the control of certain environmental factors or 
the relatively high steepmg temperature, m the presence of 
carbohydrates, favors the lactic acid fermentation and thus keeps pu 

and alcohol formation to a minimum ivhich 

Essentially then, com steep hquor consists of concentrated corn som ’ ^ ^ 

have been extracted durmg the steepmg process at approximately pH 
temperature of 45 to 52 C m the presence of SOj and an active la i 
mentation In addition, it mcludes soluble matenals coUect^a 
of the nulling or separation processes, smce process water ^ , fennenta- 

plant for approximately two weeks it is not suipnsmg that ad^t 
tions occur at many pomts The yeasts isolated from the steep water 
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have the morphology and cultural characteristics typical of organisms cultured 
for several transfers on wort agar media, and apparently do not multiply ac- 
tivelj'- 2 However, at other stages of the process, which are conducted at lower 
temperatures, normal yeast development is thought to occur For example, m 
the gluten setthng tank and thickeners, where temperatures may go as low as 
30 C, a scum of film j’^easts occurs Eillmger (28) has emphasized the prevalence 
of yeasts and yeast-hke orgamsms in starch process water 
The degree of fermentation that the sohds of com steep hquor have undergone 
vanes greatly from plant to plant, and considerably even m one plant from time 
to time To a certam extent, this \ anataon can be controlled,® but there is also 
an apparent seasonal variation m the microbial flora, which so far has resisted 
control 


Chemical composition 

The mam disadvantage of com steep hquor m microbiolog}’^ is its variable 
composition This vanabflity may depend somewhat upon the type and condi- 
tion of the com but even more upon a multitude of variables mvolved m the pro- 
cessmg of starch On the other hand, com steep hquor is an maxpensive al- 
ternative (4 to 6 cents per pound of hquor) to much more expensive materials, 
such as yeast extract and peptone 

Com steep hquor has a pH of 3 7 to 4 1, a specific gravity of 1 25, and on proxi- 
mate analysis a general composition as mdicated m table 2 On the average 
6 9% of the com sohds and 30% of the com mtrogen are found in the steep 
hquor Nmety-five per cent of all samples have a mtrogen content of 3 85 to 
4 1% while only 5% contam mtrogen below or above these limits Similarly 
the majority of samples contain 1 45 to 1 65% amino mtrogen and 0 15 to 0 30% 
volatile mtrogen, largely ammoma The ammo N/total Kjeldahl N ratio for 
95% of all samples is from 0 38 to 0 40%, mdicatmg that the mtrogenous com- 
pounds present are, to a laige extent, amm o acids and poljqieptides Low 
ammo N/total Kjeldahl N ratios are encountered m samples that have not under- 
gone a vigorous lactic acid fermentation To illustrate the lot ginng the low- 
est ratio ever encountered m these laboratones, also showed 11% of reducing 
sugar (detenmned as glucose), 5 1% of lactic acid, 0 15% of volatile mtrogen, and 
0 1% of A^olatde acid (detenmned as acetic acid) This mdicates a steeping 
sj*stem badly out of balance and one hkely to be accompamed by the formation 
of scaly deposits m the evaporators This scale or precipitate, spoken of as 

- On first isolation on wort agar the yeasts from the steeps often give pin-point colonics 
consisting of very small, coccus-like cells On the second or repeated transfers the or- 
ganisms attain normal size and shape Torttloputs shows normal morphologj and colonial 
del clopmcnt ei en on first isolation Among the veast genera present, as kindli idcnUficd 
b\ Dr L J t\"ickcrham of the Northern Reponal Research Laboratones, were Tneto- 
fporon, Tonilopsts, and Mvcodrrma 

’ An interesting example of this is a patent by Kerr and Berlin (27) which claims a re- 
duction of scaling in evaporators if a secondarj fermentation is encouraged bi addiUon of 
c3rboh^ drates and aeration 
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tern „ f*' “'"*' '^•’“8 "“"■"O tto 0">S»1«'>1« P«^ 

ms are di^eraded to amaUer tragmente, thegreaternumborofarhich are ao lomt 
heat coagulable and the insoluble salts are kept in solution by the lactic acid 
^ghly fermen^ steep liquors, on the other hand, show not only a high ammo 
/totol lijeldahl N ratio (0 60) but also a low sugar content Oess than 1 to 2%), 
a ^gh concentration of lactic acid (13 to 16%), and higher concentrations of 
volatile nitrogen compounds (0 40%) and volatile acids (0 3%) than poorly fer 
mented steep bquors 

According to Cardinal and Hednck (5), over 95 per cent of the total mtrogen 
in steep liquor is accounted for, after hydrolysis, by ammonia and the following 
amino acids alamne, arguune, aspartic acid, cystine, glutamic acid, histidme, lao- 


TABLE 2 


General analyne of com Bleep Itquor 


DETESJOKATION 

PEICEKT 

0EtI3DCINAnOS 

FTXcart 

Water* 

46 -66 

Lactic acid* 

6 -16 

Total Kjoldahl-N‘* 

2 7-46 

Ash* 

0 -10 

Van Slyke Anuno-N'’* 

10-18 

Volatile acids'* (as acetic 
acid) 

0 1-03 

Volatile N' 

Free reducing sugar (as glu- 


SOj-* 

0 004- 0 015 

cose)* 





* Based on determinations made on 1000 different lots 

b it t< it li tt ^ « n 

e (< << tt ft tt tt <1 

d ft tt tt ft tt IQ tt It 

* The Ammo N/Total Kjeldahl N ratio ranges from 0 30 to OAO 


leucme, leucme, lysme, methionme, phenylalamne, probne, threonme, tyrosine, 
and valine More than one-quarter of the nitrogen is present as alanme 
Com steep hquor contains considerable amounts of the B-compIex 
with the exception of thiamine, which is usually low or absent, probably 
it IS destroyed by the SOj treatment dunng steepmg Tanner, Pfemer, 

Lonen (59) analyzed a com steep hquor medium used m the penic la 
and found the following vitanun content, recalculated on the basis o 
of vitamin/gm of wet com steep hquor nboflavm, 5, niacm, 8 , o 
acid, 23 8, pjmdoione, 19 1, and biotm, 0 125 Their data a^M c esc 
our values vitamins A, D, E, K, C and thiamme, usually 0, nbo vm, 
pyndoxme, 25 to 400 The mositol content is umformly constan ^ 

1 mg/gm of steep hquor Approximately half of the mositol occurs as p 
Table 3 presents information on the composition of com ^ 

Some of the discrepancies between the values hsted may be due 
different analytical procedures rather than to actual differences m co 
Obviously the ash of com steep hquor contains a wealth of nun 
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TABLE 3 


Composition of the ash of corn steep liquor 


ELEMENT 

I 

% or I)»\ MATTE* 

n 

% or DEY MATtEE 

Al 


1 

0 032 

Ca 

0 5-16 


Cd 


0 0029 

Cu 

1 0 -0 001 

0 0033 

Fe 

0 01 -0 05 

0 052 

Pb 


0 055 

Mg 

0 6-10 

1 05 

Mn 

0 004 

0 012 

Mo 


0 0006 

P 

2 0-3 0 

2 76 

K 

1 0-2 0 


S 

0 34 


Zn 

0 005 

0 0005 


I = range of quantitative determinations made on 10 different lots 
U = data on a single lot, from Perlman (48) 

A senu-quantitative spectroscopic analysis on a single lot, given by Koffler, Kmght, and 
Frazier (33) indicates the presence of the following elements Al, As, B, Ca, Cr, Co, Cu, 
Fe, Pb, la. Mg, Mn, Ni, P, K, Si, Ag, Sn, W, Zn The following metals were not detected 
Sb, Be, Bi, Cd, Cb, Ce, Au, La, Hg, Pt, Sr, Ta, Ti, V, and Zr Another spectroscopic 
analysis, also on a smgle lot, is presented by Cook, TuUoch, Brown, and Brodie (16) 
These workers found the presence of the following elements Ba, Pb, Mo, Ni, Rb, Sn, V, 
and Zn, the following were absent Cr, Co, la, and Ag 


TABLE 4 

Some uses of com steep liquor tn microbiology 

VSED rs TTTF. PBOCVCIKE. OF 


Yeast food (1) 

Yeast (62) 

Leavened dough-products (64) 

Yeast stimulant (63) 

Orgamc acids from cellulosic material (35) 

Beer (18) 

Bread dough (49) 

Brewing adjunct (65) 

Sorbose b^ Acctohactcr suboxydans (66) 

Ketogluconic acids bj Acetobacter suboxydans and an unnamed organism (5S) 
Gluconic acid bj Aspergillus nigcr (47) 

Itacomc acid b\ Aspergillus lerrcus (40, 41, 42, 43) 

Penicillin bi Pentcinium notalum-chrysogcniim (44 , 45) 

Pcntonic acids by Pseudomonas (39) 

Riboflavin bi Ashbva gossypu (60) 

Subtilin bv Bacillus suhlths (37) 

Am^lasc b\ Aspergillus nigcr (36) 
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especially calcium, iron, magnesium, phosphorus, and potassium occur in 
concentrations 


high 


Use tn Nuirieni Media 

Although Behr (1), who is credited with the mvention of much of the modem 
wet milling process, suggested com steep hquor as a nutrient for microorganisms 
as early as 1909, its use m microbiology untd recently was Imuted to yeast fer 
mentations However, workers at the Fermentation Laboratories of the Umted 
States Department of Agirculture and others have advocated the use of com steep 
hquor in other fermentations so enthusiastically that its usefulness as a general 
substrate for microorganisms is bemg recogmzed It hardly needs to be men- 
tioned that com steep liquor has contributed, m a large measure, to the rapid 
development of the pemcUhn industiy Table 4 which givra the highhghts m 
the uses of com steep as a component of nutnent media should be mdicative that 
the potentiahties of this matenal are beginnmg to be realized 
In the laboratory, com steep liquor may serve either as a supplement to replace 
extracts, or as the mam source of mtrogen and carbon for all microSrgamsms 
except fastidious pathogens In general, any organism capable of growing well 
on simple media contaimng beef extract and peptone will grow on media contam 
mg only com steep hquor We have successfully grown the followmg organisms 
on one or several of the media mentioned below 


Baotena 

Acetobacicr saboxydam 
Bacillus macerans 
Bacillus suhltlts 
Laclohacxllus arabinosus 
Lactobacillus brems 
Lactobacillus casei 
Lactobacillus delbrueckii 
Lactobacillus fermenli 
Leuconosloc mesenteroides 
Micrococcus pyogenes var 
aureus 

Pseudomonas aeruginosa 
Streptococcus faecalts 
Streptococcus lactis 
Streptomyces cellidosae 
Streplomyces coelicolor 
Streptomyces diastaticus 
Streptomyces flavotnrens 
Streptomyces gnseus 
Streptomyces microfiavus 
Streptomyces olivaceus 


Yeasts and Yeast hkeFanp 
Candida OutUtermondi 
Candida hpolytica 
Endomyeopsts fibuhger 
Saccharomyces cerevisias 
Schtzosaccharomycfs ocio 
sporus 

Torulopsis utihs 
Zygosaccharomyces japo 
metis 

Zygosaccharomyces mellis 
Zygosaccharomyces Nuss- 
baumen 

Zygosaccharomyces Rtchen 


Molds 

Aspergillus flaeus 
Aspergillus ntger 
Aspergillus oryias 
Eremothecium osMryii 
ilucor boulard 
Mucor muetdo 
Neurospora crassa 
Ootpora laclis 
PeniciRium notaium 
PentctHtum chrysogenum 
Phycomyces 

Rhiiopus japontcus 


If clear media are desired, prelimmary treatment of the era e gQjjtjmis 
ecessary A good practice is to adjust the hquor mt ^ nutoclave for 
rom 15 to 20% sohds, raise the pH to 8 with ’ Crated or re- 

n hour, and cool and filter The filtrate then may be reconcent 
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fngerated For certain purposes, such as pemcilhn production, the quahty of 
the steep hquor is unpaired by this treatment Refngeration of com steep 
hquor is advisable to prevent spoilage by yeasts 
The foUo'wmg are some representative media For yeasts, 0 5% com steep 
hquor sohds, vnth sugar as desired For bactena, 1 0% com steep hquor solids, 
0 5% glucose, adjusted to pH 7 4, as a basal medium This can be modified in 
various waj's, e g , for the lactics, 1 0% com steep hquor sohds, 1 5% glucose, m 
1 0% phosphate buffer at pH 7 0 Also the foUovnng combmations have proved 
valuable after adjustment to the desired pH a, 0 5% com steep hquor sohds and 
0 5% tryptone for bactena, and b, 1 0% com steep hquor sohds and 0 3% yeast 
evtract, for bactena and yeasts For media used m industnal processes, the 
references cited in table 4 should be consulted 

Use in the Production of Penicilhn 

By far the most important apphcation of com steep hquor m microbiology was 
discovered by Moyer and CoghiU (44) who noticed that the addition of com steep 
hquor to a modified Czapek-Dov solution of mmeral salts greatly mcreased pem- 
cilhn yields This discovery encouraged many efforts to isolate the active com- 
ponent which endows com steep hquor with the remarkable abfiity to stimulate 
the biosynthesis of pemcilhn by orgamsms of the PemcUhum notaium-chryso- 
genum group Smce, accordmg to studies on the metabolism of these org anis m s , 
the biological function of steep hquor cannot be ascnbed to a smgle factor but to 
a group of factors (31, 48, 19, 25, 34, 45, 54, 55, 30), such attempts were unsuc- 
cessful 

Pemcilhn appears to be synthesized by the hve, active mold and m largest 
quantities when the pH is between 7 0 and 8 0^, therefore, conditions which 
tend to mamtam the mycehum metabohcally active and the pH of the medium 
withm the optimum range usually favor maximum pemcilhn yields Assuming 
that certain environmental factors, such as temperature and aeration are kept 
optimum, these conditions can be provided by a balanced mixture of a variety 
of nutrients, which mcludes a readily available source of carbon and mtrogen, a 
slowly fermentable carbohydrate, and an effective buffer system The first 
allows rapid imtial formation of the mycehum, the second serves as a slowly avail- 
able store of energy, which can be tapped throughout the entire period of growth, 
and the third obviously aids m the mamtenance of the pH values within a desired 
range Other nutritional factors, such as mmeral elements are of course also 
essential, and will be mentioned later 

Studies of the metabohc changes that occur dunng the growth of pemcdlm- 
producmg molds reveal a pattern which is characteristic for good pemcilhn 
jnelds, conditions unfavorable for optimum pemcilhn production ordmanly find 
their expression in deviation from the typical metabohc pattern In this manner 
it can be demonstrated that com steep hquor, fortunately enough, is one of the 
few inexpensive and readily available matenals which include a desirable balance 

* For certain si nthctic media the pH best for pemcilhn production has been found to be 
7 3 as compared to C S which seemed optimum for the growth phase of the mold (24) 
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of as many of the essential factors ns possible Lactic acid is a readily available 
source of carbon for the peniciUin-producmg molds, ammo acids and polypeptidra 
servo as readily available sources of both carbon and mtrogen and also as buffer 
systems, the ash of com steep hquor readily supplies the need of the organism 
for mineral elements The only important constituent lackmg is a slowly avail 
able source of energy, which m the media commonly used m the mdustiy, is 
furnished as lactose To obtam maximum pemcilhn yields the exact compDataon 
of com steep hquor-Iactose media has to be varied with the degree of aeration 
This depends on whether surface cultures, shake flask fermentations, or large 
volume tank fermentations are employed (4) The media for large-scale produc- 
tion usually also contain 1 0% CaCOj to make the reaction of the medium less 
acid 


The fact that synthetic media can be employed m the production of pemcdlin 
supports the view that a combmation of factors rather than a single factor ac 
counts for the excellence of steep hquor For example, glucose and acetic acid 
may bo substituted for the readily available carbon compounds of com steep 
liquor, and ammonium salts for the readily available mtrogen compounds Phos 
phates servo as buffers , metabolism of acetate controls the pH of certain ^thehc 
media dunng the pnmary growth phase, while the pH durmg the subsequent 
penicillin-forming phase is greatly influenced by the rate of lactate utdization 
Salt solutions contaimng S, Fe, K, Mg, Zn, Cu, Mn, and Ca m addition to P, may 
replace the ash fraction of com steep hquor Lactose is added as the slowly 
fermentable carbohydrate The work on synthetic medm done at the Pennsyl 
vama State College (56) and the Umvetsity of Wisconsin (24) should be con 
suited for further details 

In addition to the non-specific factors already mentioned, specific precurson. of 
peniciUm may occur in steep hquor Inspection of the stractura! formulae of t e 
vanous pemciUins (6) suggests a considerable number of compounds which po- 
tentially may serve as precursors However, only a few, such as pheny et y 
amme and tyramine, which are decarboxylation products of phenylalanine an 
tyrosine, respectively, have been demonstrated to occur m com steep hquor 
17) Of course, it is now an estabhshed mdustnal practice to stun se 
S 3 Tithe 3 is of penic illin by furnishing precursors of various chemica types 


mold (22, 57, 24, 46, 3) « 

The early efforts to elucidate the role of com steep hquor ^ 

trated because they mvolved addmg fractions of steep hquor, or o 
pounds tb basal media from which com steep hquor had teen golution 

these basal media ordinarily consisted only of a modified zap® enough 

and lactose, they contamed m the absence of com steep quor 
mtrogen nor phosphorus to penmt adequate pemciUm pro uc ion 
Moyer and CoghiU (44) found that neither trace elemente nor ^ 

of com steep hquor, nor growth factors, nor ammo ad w ^ pemcilhn 
basal medium could replace com steep hquor in its unxcpd that the ash 

production On the other hand Kmght and Frazier workers 

of com steep hquor was stimulatory to penicillin pr ue 
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used a basal medium ^^lllch ^^■ls adequate in all respects o^cept as ^boun later 
by Koffler, Ivmgbt and Frazier (33), in Us content of iron an<l pbo-pboni^ h n- 

der these conditions the ash appeared to be //n import int constituent of cnnij eop 

liquor because it supplied the needed iron and phosplionis . imil irK , \\ lute, 
Krampitz, and lYerkman (67) claimed that u ini\lurc of lusluhne, irpnine, 
glutamic acid and succimc acid was responsible, at Ic vst in p irt, for the -limula- 
ton,” act^^^ty of com steep liquor Itnoiild seem now tint llif-t and'-pnin iriK 
functioned as readily available sources of carbon and nitrogen in a modmm de- 
ficient m these factors All these reports support the thesis that in order to te-t 
the essentiahty to pemcilhn production of one nutritional or other f letor, all 
other conditions should be optimal 

The work of Cook and his associates (S, 9, 10, 1 1 , 12, 13, 1 1 , 1 7. 10) is of inter- 
est m this connection Tlicsc workers claimed that aqueous extracts of peas, 
w-hen added to a basal medium, stimulated penicillin \ iclds After considerable 
chemical work, which included careful fractionation of the stimiilatoia extract, 
they decided that diverse mtrogen and carbon compounds bad tbc s imc stimula- 
tory effect Apparently tbeir basal medium as as deficient in readih axailablc 
sources of carbon and mtrogen, and pea extracts influenced tbc well-being of tbc 
molds generally, rather than pemciUin synthesis specifically 
The mineral nutntion of the mold also seems to be of great importance to tbc 
success of the penicillin fermentation It is indeed fortunate that com steep 
hquor contains so many mineral elements, and therefore adequate!} supplies 
the mold with the mineral elements necessary to penicillin formation Thcoreti- 


call} , mineral elements could serve several functions in pemcillm production 
Some elements may function dxrcdhj as constituents of cnz}Tiies that are es- 
sential to mold metabolism in general, or to pcmcilbn S}Tithesis m particular 
Or, some mmeral elements may act indirectly because they protect either the 


mold from the harmful effects of toxic elements or pemcillm from the destruction 
catalyzed by other elements Hutner (23) holds the general mew that many 
elements are considered essential nutnents because they form precipitates m 
^ute media and thereby remove toxic elements by precipitation or adsorption 
W mterest are the recent papers by Pulvertaft and Yudlan (53) and Pratt (50, 
tv' claim that phosphates specifically stabilize pemciUin by effects other 

npTi \i°^^ "^^cb they exert as buffers Pratt suggests phosphorylation of the 
msoT^ W possible that harmful elements are removed as 

renuired t^ certain synthetic media, the level of phosphates 

invp n-nhTT,? optimum growth of the mold is lower than the amount to 
til e effect that^nV explained possibly by the protec- 

icilhn “melds” pemciUin Since at any one tune pen- 

that are thought to by synthesis and destruction of pemcilhn (processes 

tent of phosphates ^^arymg degrees simultaneously), the high con- 

the increase in pemcilhn m additional advantage Perhaps 

of bone acid or citnc acid w certam cases, when supplements 

might be explamed bquor-lactose media (32, 44) 

J Thomas (61) and Hahn (21) recently have demon- 
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stra^ that pemcilhn is considerably more stable in citrate buffera than m saline 
or phosphate solutions It is concavable that bone acid and citnc acid appeared 
to stimulate pemcilhn yields because they combme with ions which otherwise 
w'ould be harmful to the production of pemciUm either by poisoning the mold or 
by catalyzmg the destruction of pemciUm 
Inter^tingly enough, better pemcilhn yields can be obtamed from submerged 
cultures when CaCX)j is used to neutrahze the otherwise acid com steep hquor 
medium rather than KOH (45) or NaOH (19) Ckmld these higher yields be 
ascribed to the fact that CaCOj also adsorbed deletenous matenals in addition 
to raising the pH? In spite of any toxic components, which steep hquor may con 
tain, there is little doubt that it has become a valuable source of nutrients for 
microSrganisms m industry and the laboratory 
ACKNOWLEDGMENTS The authors gratefully acknowledge the construe 
tive comments which were willingly given dunng the preparation of the manu 
script by the following Dr 0 K Behrens, EJh Lolly and Company, Mr W C 
Bishop, Staley Manufactunng Company, Dr W C Framer, Umversity of IVis 
conain, Dr R E Greenfield, Staley Manufactunng Company, Dr S E HartseH, 
Purdue Umversity, Drs L B Lockwood and F H. Stodola, Northern S^onal 
Research Laboratory, Dr P A Tetrault, Purdue Umversity, Dr J 0 Thomas, 
Cutter Laboratones, and Dr A L Wilson, Com Products Refinmg Company 
Tlianks are also due to Dr D Perlman, The Squibb Institute, for permission to 
include in this review his unpublished analyses on the ash of com steep hquor, 
to Dr P Schildneck, Staley Manufactunng Company, for permission to repro- 
duce a general flowsheet of thecomwet-milhng process, and to Dr L J WcLer- 
hem, Northern Regional Research Laboratones, for the identification of certain 
yeasts 


REFERENCES 

1 Behh, a 1909 Pood product and process of making same U S Patent No 

2 Bbhbens, 0 K Biosynthesis of pemcillins, in Monograph on the Cbemis ry o 

cillin, Princeton University Press In press 

3 Bide, A E , Mead, T H , Shtth, E L , and Stack, M V IW Improved pe 

culture media Bnt Patent No 686,930 ^ 

4 Bowden, J P , and Petebson, W H 1946 The role of com steep 9 

duction of pemoiliin Arch Biochem , 9, 387-899 
$ Cabdinal, E V , and Hedkick, L R 1948 Microbiologiesl assay 

liquor for ammo acid content J Biol Chem , 172, 609^12 > r < Research 

6 Committee on Medical Research, O S RJ> , Washington, and ® _ 

Council, London 1946 Chemistry of pemoillin Science, I0»< 

7 Com Industnes Research Foundation 1937 Corn in Indnstry of ground 

8 Cook.R P ,andBeown,M B 1946 Some constituents of aqueous exm. 

dned peas Biochem J , 39, XXIV vanoia 

9 Cook, R P , and Bbown, M B 1946o PemeUbn production on jinc« 

parts of the pea plant Biochem J , 40, XXn-XSHI . ^ from the pea 

10 Cook.R P and Shown, M B 19466 PemcilJ m production 

(Piaum saltvum) Biochem J , 40, XXXIV nonicillm production 

11 Cook, R P and Bbown, M B 1946c Synthetic media f P 

Biochem J , 40, XLIX-L 



1948] 


CORN" STEEP LIQUOR IN HICROBIOLOGY 


309 


12 Cook, R P , iND Browj,, M B 194/ Effect of the source of lutrogen in the medium 

on the formation of penicillin bj surface cultures of Penicilhum notalum Nature, 
159, 376-377 

13 Cook, R P , and Tulloch, W J 1944 The production of pemciUin on media made 

from vegetable extracts, particularlj extracts of pea J Path Bact , 66, 555-566 

14 Cook, R P , and Tulloch, W J 1945 Green pea juice as a medium for the produc- 

tion of pemcillin Nature, 166, 515 

15 Cook, R P , Tulloch, W J ,Bro'itn,M B , and Bbodie, J 1945a Factors in aque- 

ous extracts of peas responsible for pemciUin production Biochem J , 39, XXIII 

16 Cook, R P , Tulloch, W J , Broivn, M B , and Brodie, J 19456 The production of 

pemcillin using fractions obtained from aqueous extracts of pea (Pisum sativum) 
Biochem J , 39, 314-317 

17 Editorial Board of the Monograph on the Chemistry of PemciUin 1947 Biosynthesis 

of pemcUbns Science, 106, 603-505 
IS File, H 1937 Beverage production U S Patent No 2,068, 73S 

19 ^Gailet, F B , Stefamak, J J , Olson, B H , and Johnson, M J 1946 A compari- 

son of pemciUin-producing strains of Penicilhum nolatum-chrysogenum J Bact , 
62, 129-140 

20 Greenfield, R E , Cornell, G N , and Hatfield, W D 1947 Cornstarch pro- 

cesses Ind Eng Chem , 39, 5S3-588 

21 Hahn, L 1947 Stabilisation of penicillin solutions with sodium citrate Lancet, 

262, 403-410 

22 Higuchi, K , Jabvts, F G , Peterson, W H , and Johnson, M J 1946 Effect of 

phenjlacetio acid denvatives on the types of penicillin produced by Penicilhum 
chrysogenum Q176 J Am Chem Soc , 68, 1669-1670 

23 Hutn’eb, S H 1946 Umdentified trace element reqmrements of photosjuithetic 

purple bactena J Bact , 61, 575-576 

24 Jarvis, F G , and Johnson, M J 1947 The role of the constituents of svnthetic 

media for pemcillin production J Am Chem Soc , 69, 3010-3017 

25 Johnson , M J 1946 Metabohsm of pemcilhn-producing molds Ann N Y 4.cad 

Sci , 48, 57-66 

26 Kerb, R W 1944 Chemistry and industry of starch 4cad Press, Inc , N'ew lork. 

27 Kerb, R W , and Berun, H 1933 Treatment of steep water U S Patent No 

1,918,812 

28 Killingeb, j E 1938 Factors affecting germicidal properties of sulphur dioxide in 

wet-starch-process water PhJD Thesis, Iowa State College, Ames 

29 Knight, S G , anti Frazier, W C 1945 The effect of com steep liquor ash on peni- 

cillin production Science, 102, 617-618 

30 Koffleb, H 1947 Metabolism of pemcilhn-producing molds during submerged 

growth Ph D Thesis, Umversitv of Wisconsin, Madison 

31 Koffler, H , Emerson, R L , Perlman, D , and Burris, R H 1945 Chemical 

changes in submerged pemcillin fermentations J Bact , 60, 517-548 

32 Koffler, H , Knight, S G, Emerson, R L , and Burris, R H 1945 The effect of 

certain chemicals on pemcillin production and mold metabolism in shake flask fer- 
mentations J Bact , 60, 549-559 

33 Koffler, H , Knught, S G , and Frazier, W C 1947 The effect of certain mineral 

elements on the production of penicillin in shake flasks J Bact , 63, 115-123 

34 Koffler, H , Knight, S G , Frazier, W C , and Beams R H 1946 Metabolic 

changes in submerged penicillin fermentations on s^■nthctIC media J Bact , 51, 
SS5-302 

35 Legg, D \ , AND Christensen, L M 1932 Process for the production of organic 

acids from ccllulosic matcnal L* S Patent No 1,804 740 

36 Le Mense, E n , Corman, J , 1 AN Lanen, J M and L-ancltekf, \ F 1^47 Pro 

duction of mold amAlases in submerged culture J Bact 64, l-i'^15^ 



310 


B TVINSTON LIGQETPr AND H KOPFIiEE 


[vOL 12 


37 


38 


39 


40 


^ ^ J ^ . Michenbr, H D , Hisschuann, D J 

had^r D H i^oi.t^,A F.Liohtbodt,^ D .Stotbs, J J ,ANDHuim)LD,' 
H 1947 ^btilin production in surface cultures Arch Biochem , 14, 41&-425 

Liggett R W 1946 The use of com steeping liquor in microbiological research 
J DQ.Ct , ol, ov7 

Lockivood L B , AND Neeson, gen 1946o The o^adatlon of pentoses by Fttvdo 
monos J Bact , 62, 6S1-5S6 ^ 

Lockwood, L B , and Nelson, GEN 1946!) Some factors affeotmg the production 
of itacomo acid by Aspergillus terreus in agitated onltares Arch Biochem 10, 
365-374 ’ ’ 


41 Lockwood, L B and Reeves, M D 1946 Some factors affectmg the production of 

itacomc acid by A terreus Arch Biochem , 6, 455-469 

42 Lockwood, L B , and Ward, G E 1946 Pennentation process for itacomo acid 

Ind Eng Chem , 37, 405-406 

43 Mover, A J , and Coqhill, R D 1946 The laboratory scale production of itacomo 

acid by Aspergillus terreus Arch Biochem , 7, 187-183 

44 Mover, A J , aitd Coghill, R D 1946o Pemcilhn Vm Produebon of pemciUin 

in surface cultures J Bact , 61, 67-78 

46 Mover, A J , and Coghill, R D 1946!) Pemoilbn IX The laboratory scale 
production of pemcdlin in submerged cultures by Penicitlium notatum Westling 
(NRRL 832) J Bact , 61, 79-93 

46 Mover, A J , and Coghill, R D 1947 Pemcdlin X The effect of phenylacebo 

acid on pemcilhn production J Bact , 63, 329-341 

47 Moyer, A J , Uureboeb, E J , AND Stubbs, J J 1940 Fermentation of concentrated 

solutions of glucose to glucomo acid Improved process Ind Eng Chem , S3, 
1379-1383 


48 Perlman, D 1945 Pemoilhn production in submerged culture Ph-D Theas, 

Umversity of Wisconsin, Madison 

49 Pollack, A 1938 Products to improve the quality of bread French Patent No 

845,185 

60 Pratt, R 1947o Influence of phosphate on stability of crude pemcdlin Plant 

Physiol ,22,808-314 

61 Pratt, R 1947!) Influence of phosphate on stabdity of partially punfled pcniodlins 

J Am Phann Assoc , Sci Ed , 38, 69-72 

62 Pratt, R 1947c Stabilizati on of pemcilhn in aqueous eolations by loir concentra ons 

of phosphates Nature, 169, 233-235 ,, 

53 Pulvebtaft, R J V , AND Yudkin, J 1946 Stsbihsation of peniciJJw solutions wii 

phosphate Lancet, 261, 265-267 loifi Pdot plant 

64 Stbpaniak, j J , Gailev, F B , Brown, C S , and Johnson, M J 

equipment for submerged production of pemciUin Ind Eng Che^ . 

66 Stbpaniak, J J , Gailev, F B , Jarvis, F G , Johnson, M J chrysegenum 

environmental conditions on pemcdlin fermentations with rmei 

X-1612 J Bact , 62, 119-127 , ^ „ ^rndaclion 

56 Stone, R W , and Farrell, M A 1946 Synthetic media for pern P 

Smence, 194, 445-446 rjhemical adiuvants 

67 Stone, R W , Patterson, H T , and Farrell, M A 

affecting penicillin yields on synthetic media J Bact , 61, 69 j. 

68 Stubbs, J J , Lockwood, L B , Rob, E T , Tabenkin, B , and / Chem , 37> 

Ketoglucomc acids from glucose Bactenal production tn 

1626-1631 , J VitftmxD 

69 Tanner, F W , Jb , Ppeiffer,S E , and Van Lanen, J " ^.v^ereed feimenta 

protein content of residues from the production of pemcuhn by 
tion Arch Biochem , 8, 29-36 



1948] 


CORN STEEP tlQEOR Df MICROBIOLOGY 


311 


60 Tanneb, F W , Jr , ajnd Vax Lanev, J jM 1947 Riboflavin production by Ashbya 

gossypii J Bact , 64, 3S-39 

61 Thomas, J 0 1947 Penicillin stabibty in phosphate, acetate, and citrate buffers 

J Bact , 64, 546 

62 Wagveb, T B 1922 Yeast and process of making the same TJ S Patent No 

1,434,462 

63 Wagyeb, T B 192S Yeast stimulants and process of using them U S Patent No 

1.6S0,S27 

64 Wagxer, T B , and Glabatt, C A 1927 Art of producing leavened-dough products 

U S Patent No 1,649,144 

65 IValsh, j F , AND hloBGAN, W L 1939 Process for prepanng a brewing adjunct 

U S Patent No 2,144,471 

66 PTells, P a , Lockwood, L B , Stubbs, J J , Roe, E T , Porqes, N , and Gastbock, 

E A 1939 Sorbose from sorbitol Semiplant-scale production bj Acelobacler 
suboxydans Ind Eng Chem , 31, 1518-1521 

67 White, A G C , Krampitz, L 0 ,and WEBKiiAN,C H 1945 On a synthetic medium 

for the production of pemcilhn Arch Biochem , 8, 303-309 



